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YOUNG CHILDREN'S PERSONIFYING AND VITALISTIC BIOLOGY^ 



Kayoko Inagaki 

Cliiba Vnivemty 
Giyoo Hatano 
Dokkyo I -u ii rrsity 



This article aimed at investigating the nature of yoim>? children's naive biology 
by reviewing a large number of studies conducted in our laDoratories. More 
specifically, we tried in the first part of the art ■ to answer the following two criti- 
cal questions: What components does children's knowledge system for biological phe- 
nomena have before being taught systematically at school? Can the knowledge sys- 
tem be called naive biology? We proposed that young children's biological knowl- 
edge system has at least three components, that is. knowledge needed to specify the 
target objects or phenomena of biology, constrained analogies with knowledge about 
humans or other familiar animals as the source for inferring attributes or behaviors 
of biological kinds, and a vitalistic causal explanatory framework, and that these 
three constitute a form of biology. In the last part, we were concerned with the use. 
acquisition, and change of this naive biology. We claimed that it is readily used and 
is functional in children's lives, that its core is acquired based on specific cognitive 
constraints as well as the general mechanism of personification and the resultant 
vitalistic causality but it is differently instantiated and elaborated through activity 
based experiences and shared beliefs and artifacts in the surrounc ng culture, and that 
it evolves into intuitive biology educated lay adults possess as its weaknesses are 
overcome by learning of school or scientific biology. 

Young Children's Personifying and Vitalistic Biology 

There has been a debate in recent years as to whether young children have 
acquired a form of biology. On the one hand, Carey (1985) claimed that children 
before around age 10 make predictions and explanations for biological phenomena based 
on intuitive psychology u.e, intentional causality). According to her. young children 
lack the mind body distinction, more specifically, do not recognize that our bodily func- 
tions are independent of our intention nor that biological processes which produce 
growth or death are autonomous. On the other hand, a number of recent studies have 
suggested that children possess biological knowledge at much earlier ages than Carey 
has claimed. Some developmentalists (e.g.. Hatano & Inagaki. 1987 » have asserted 
that the differentiation between psychology and biology occurs, if it does, much earlier 
than Carey ' 1985 » assumed. Others have proposed that biological phenomena are con- 

' This is an oxpJuuU'd and modified version of our paper, **^*oung children's naive theory of 
biology" by Ilataiio and Inagaki, U> appi^ar in C(\^nitiifH, H)91. r>(). 



ERIC 



6 



ceptLializcd differently from other phenomena from the beginning 'e.g., Keil, 1992;-. 

However, it should be noted that there are more agreements than disagreements 
among major investigators of young children's understanding of biological phenomena. 
All of them agree that young children possess "theories" lor cognitive entities equiva- 
lent to them ^ about biological phenomena, more specifically, concerning internal proces- 
ses involved in the individual survival and reproduction of animals and plants, and their 
external behaviors and properties relevant to these processes. Here the term "theory" 
means a coherent body of knowledge that involves causal explanatory understanding. 
In other words, it is assumed that young children's bodies of knowledge about biologi- 
cal phenomena have something more than a collection of facts and or procedures to 
obtain desired results v Kuhn, 1989 -. It is obvious that this conceptualization is a dis- 
tinct departure from the Piagetian position, which assumed young children to be 
preoperational and thus incapable of offering more or less plausible explanations in any 
domain. 

At the same time, however, none of the investigators have ever claimed that 
young children have acquired the modern science of biology. As Carey ;I985i aptly 
put it, they are "totally ignorant of the physiological mechanisms involved" -.p. 45), 
They know that input ^e. g., eating too much - is related to output vbecoming fat or 
upsetting the stomach', but nothing about what mediates them at physiological and or 
biochemical levels. The debatable issue is whether they possess a version of en- 
dogenous biology, similar to ethnobiology or folkbiology, which is separated from psy- 
chology. 

This paper is divided into two parts. In the first part, based on a large number 
of studies conducted in our laboratories, we will specify the contents of young children's 
theory like knowledge system for biological phenomena, that is, what components are 
included in it. We will show that young children own three essential components that 
constitute a form of biology. In the last part, also by reviewing our experimental 
studies, we will be concerned with the use, acquisition, and change of young children's 
naive biology. Research on these issues has been scant, partly because it presupposes 
some specification of the contents of naive biology. We hope to further elucidate the 
nature of young children's biology, by presenting our empirical findings on these issues. 

Components of Young Children's Biological Knowledge 

We are convinced that the body of knowledge which young children possess about 
biological phenomena ^e. g., behavior of animals and plants needed for individual sur- 
vival; bodily process; n^production and inheritance of properties to offsprings - has at 
least three components, and believe that these three constitute a naive biology < Inagaki, 
I99:^b'. The first is knowledge enabling one to specify objects to which biology is 
applicable; in other words, knowledge about the living nonliving distinction, and also 
about the mind body distinction. The second is a mode of inference which can produce 
consistent and reasonab'e predictions for attributes or behaviors of biological kinds. 
The third is a non intentional causal explanatory framework for behaviors needed for 
individual survival and bodily processes. 
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Knowledge Needed to Specify Targets of Biology 

Animate' inanitncte distinction. An increasing number of recent studies have 
revealed that young children have the animate inanimate distinction. Let us take a 
few examples. Gelman, Spelke. and Meek d983= asked such questiotis as ''Does X 
have a property of Y ? " or "Can X do Y ? " to children aged W to 5 years, using typical 
animates 'i.e., a person and a cat; and inanimates i.e.. a rock and a doll or puppet' 
as targets. P'our types of animate properties were used there: actions ^'e. g.. vvalk, 
see-, body parts -e.g., a mouth, a head-, reciprocal actions ^.e g., you talk to X/ X 
talks to yoU' and mental emotional states .e. g.. think, feel sad =. The results indicat- 
ed that [\ year-olds as well as 4 and 5 year t)lds made correct responses to cjuestions 
for each of the four types of properties of each target object at about 90 percent or 
more of the time, and to questions for a person at 100 percent of the time. This illus- 
trates that children aged 3 to 5 have not only rich knowledge about pet)ple but also 
knowledge needed to distinguish animate entities from inanimate ones. 

Massey and Gelman 1988 . using unfamiliar animate entities as target objects, 
found that preschool children can distinguish animals and inanimate objects in terms of 
whether they have a capacity for self initiated nK)vements or not. That is, 3 and 4 
year olds were shown photographs of unfamiliar objects, including mammals, non 
mammalian animals, statuer with familiar animal like forms and parts, wheeled vehi- 
cles, and multipart rigid objects, and asked whether each t)f these objects could go up 
and down a hill by itself. These children were correct on about of their first yes 
no answers, indicating thui they answered animals ct)uld gt) up and down a hill by 
themselves, while inanimate objects, even if they i(K)ked like animals, couldn't. This 
result was corroborated by analyses of children's individual patterns t)f responses ; a 
great majority of them showed a pattern of responses which was best described by the 
rule, or its variant, that all animals can move by themselves and that all of the inani- 
mate objects require an external agent in order to move. Analyses of explanations 
that the children gave spontaneously or in request for justifications of their yes no 
responses suggested that these children tended to change the kind of their explanations 
depending upon the type of the object. When talking about animals, children often 
focused on parts that enable the target to move, such as, '*It can move because it has 
feet," or referred to some general feature of the target's appearance, such as, "It s an 
animal because it has a face." For inanimate objects, such as wh(*eled vehicles or rigid 
objects, they also referred to parts enabling movement, such as, "It can roll down on 
its wheels," or to an agent needed to move the object, saying, "It needs a push and 
then it goes," or "You have to carry it down." 

Based on these rt>sults, Gelman 1990 ) proposed a hypothesis that young children 
at their early ages possess skeltal principles focusing on "causal mechanism" enabling 
objects to move, in other words, these principles, which focus attention on those natu- 
ral kinds that move on their own. the innards principle, and which draw attention to 
objects that do not move on their own, the external agent principle, lead one to rapidly 
ac(iuire knowledge about the animate inanimate distinction. Gelman claims that the 
exiK fimental evidcMic:* on the* inside outside of th(» object supi^orted her hypothesis. 

Most previous studies on the animate inanimate distinction have concerned the 
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distinction between animals and non living things, typically represented by the studies 
described above, and only a small number of studies have dealt with plants as living 
things. Studies concerning the animate inanimate distinction in terms of whether the 
target object was alive provided the evidence that young children had difficulty in ackn- 
owledging that plants are alive 'e.g.. Richards & Siegler. 1984. 1986; Stevy & Wax. 
1989'. For example, Richards and Siegler ;1984) reported that less than 20 percent of 
children aged 4 to 5 and only a half of children aged 6 to 7 showed the "living things" 
rule that humans, non human animals and plants are alive, while non-living things are 
not. However, the term, "alive." for young children might nut map that for adults 
-Carey. 1985'. because it is ambiguous in a sense that it is used in varied ways includ- 
ing metapholical usages in everyday life. In fact. Massey & Gelman (1988^ found 
that the children who correctly judged whether each object could go up and down the 
hill failed in judging whether each was alive in considerable degree. 

More recent studies examined, using more specific indicators other than the life 
status, whether young children recognize plants as distinct from nonliving things, and 
indicated that they can do so in some respects. For example. Inagaki ( 1993a ^ found 
that children before age 6 distinguish plants and animals from nonliving things in terms 
of growth, i.e.. changes in size as time goes by. This study was an extension of 
R(;sengren. (lelman. Kalish and McCormick ( 1991' which investigated children's 
differentiation between animals and artifacts in terms of growth ; children of ages 4 to 
6 were presented with a picture of a flower's sprout ;or a new artifact or a young 
animal - as the standard stimulus picture, and were then asked to choose which of two 
other pictures would represent the same plant or artifact or animal'^ a few hours later 
and several months years later. Figure 1 shows an example of stimulus and choice 
cards for each of plants, artifacts and animals. As indicated in Figure 2. the children 
sh(Aved "invariance" patterns 'i.e.. no change in size both a few hours later and sev- 
eral months years later for all the items ^ for artifacts but "growth" patterns (i.e.. 
changes in size either both a few hours later or and several months years later'' for 
plants and animals. Hackscheider. Shatz. and Cielman 1993) also reported that 4 
year olds recognize that, when damaged, both animals and plants can regrow. whereas 
artifacts can be mended only by human intervention. 

That young children treat inanimate things differently from animals and plants is 
not suflicient for claiming that they have an integrated category of living things. Proof 
that they are aware of the commonalities between animals and plants is needed. By 
asking 5 and 6 year olds whether a few examples of plants or those of inanimate 
things would show similar phenomena to those we observe for animals, Hatano and 
Inagaki 1994 found that a great majority of them recognized commonalities between 
animals and plants in terms of feeding and growing in size over time, and thus distin- 
guished them from inanimate things. Moreover, many of them justified their responses 
by mapping food for animals to water for plants, such as **A tulip or a pine tree dies if 
we do not water it". For growing in size, a substantial number of the children offerred 
a phenomenon of plants' getting bigger from a seed or a bud; there found children who 
referred to watering as corresponding to feeding as a condition for growth. For 
growth in number by reproduction, in addition, about a half of the children recognized 
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FIGURE 1 An t^xaiuple set of standard stimulus and choice stimulus cards 
fj)r plants, artifacts, and animals. 

the similarity between animals and plants, and a substantial number of them justified 
their responses by referrinK to seeds as similar to animals' increase by having babies or 
eKKs. indicating that buds come out from seeds buried in the ground and grow in num- 
ber u)r produce many flowers ; there also found children who seemed to regard plants' 
having flowers after flowers or becoming thickly covered by leaves as a similar phenom- 
enon. 

Springer and Keil 1991 indicated that preschoolers differentiated plants and 
animals* from artifacts in terms of causal mechanisms involved in color transmission; 
they preferred natural biological mechanisms in color transmission for a flower and a 
dog, whereas they chose tion biological mechanical explanations for cans as plausible. 
Based on these and other related studies, we can conclude that children are able to 
acquire the living nonlivitig distitiction by age 6. 

Mi)i(I hody (iisfi)icti(ni. Can young children distinguish between the body and the 
mind? Though studies dealing with this issue are small in number yet, the available 




Artifacts Plants Animals 

FIGURE 2 I)i-nibiih-»!i- ihroi' pattt-nw Iff attil:iLis. plaiU^ and ani 
inaN Ml t'arh aj^r utuup 

data show that the answer is Yi's. That is. youuK chiltlrtMi distinguish functions of 
])i>(l\ iVoin those nf mind, in other words, bioloj^ical phiononiena from social or ps\cho- 
lojrical ones, both of which arc o'nservcd amon.^ a sul)sct of animate things. Sprin^or 
and Keil reported that children of a^es 1 7 consider those features leadin^^ t(^ 

hioIo>rica!!\ functional ct»nse(|UiMices for animals to he inherited, while other sorts of 
features, such a^ those leadin^i to social or i)sychol()Kical consecjuences. to be not. 
Here children listened tu desci'iptions about two abnoi'mal features that animal parents 
had. and then were asked whether the baby would be born with those features in nor- 
mal or abnormal form. The re*-ult indicated th.:it the childieu considered chaiacieris- 
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tics leading to biologically functional consequences e. g., a white stomach inside so 
they could eat a lot and stay strong' as inherited, and those leading to social or psy- 
chological consequences -e.g., a white stomach inside that made them feel angry a lot; 
as non-inherited. Siegal reported that children of ages 4-8 recognize that illness 

is caused not by moral but by medical fa^^tors; they have substantial knowledge of 
contagion and contamination as causes of illness. Inagaki and Hatano d987 revealed 
that children of 5-6 years of age recognize that the growth of living things is beyond 
their intentional control. For example, a baby rabbit grows not because its owner 
wants it to but because it takes food. These findings all suggest that young children 
recognize the autonomous nature of biological processes. 

An even more systematic study on the mind body distinction was reported by 
Inagaki and Hatano 1993. Experiment 1 . By interviewing children using a variety of 
questions, they showed that even children aged 4 and 5 already recognize not only the 
differential modifiability among characteristics that are unmodifiable by any means e. 
g.. gender \ that are bodily and modifiable by exercise or diet e.g.. running speed , 
and that are mental and modifiable by will or monitoring ^e. g.. forgetfulness , but also 
the independence of activities of bodily organs e.g., heartbeat ' from a person's inten- 
tion. F'igure'^ shows the children's responses to the controllability of activities of bod- 
ily organs. 

Another important piece of evidence for this distinction is young children's use of 
non intentional - or vitalistic causality for bodily phenomena but not for social psycho- 
logical ones ; this point is discussed in a later section. 

I\'rst)>iijicali()}i (ts Mt'(i}is to Make Educated (tKcsscs about Liri}i^ Tliifij^s 

When children do not have enough knowledge about a target animate object, they 
can make an educated guess by using personification or the person analogy in a con- 
strained way. Young children are so familiar with humans that they can use their 
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kw\\\v(\v^v about huniaiis as a source for analogically attributing properties to less 
fatuiliar animate objects or predicting the reactions of such objects to novel situations, 
but they do not use knowledge about humans indiscriminately. In other words, they 
lan use ptTsonifieation or person analogy in an adaptive way in that they generate 
an^wcrs without committing many overpersonifying errors. How is it possible for 
ujung ehildren who have not aequired an articulated taxonomy of properties (e.g., all- 
li\ing thing properties, animal properties, etc, to do so? They seem to be helped by 
two etinstraints when they transfer knowledge about humans to other animate objects. 

One is a differential application or similarity constraint, which requires the target 
objrcl t<» be more or less similar tr^ a human in order for the person analogy to be 
applied to it. As X'osniadou .1989 'nsists, children tend to apply an analogy on the 
basis (^f salient similarity between the target and the source, though the "depth" of this 
perceived similarity varies with the richness and struct uredness of the knowledge base 
children have. ( Generally, the closer the target object is biologically to a human being, 
the nH)ri' often children recognize its similarity and thus apply the person analogy. In 
fan, some studies have found that young children attribute human characteristics to 
targets in pr()i)ortion to the e.xtent that they arc perceived similar to people (Carey, 
\ Inagaki iK: Sugiyama. 19<S8 . 
'y\\c other constraint in young children's person analogy is a factual check or 
ffasibilit\- constraint that hiagaki and Hatano proposed. This requires that the 

predicted behavior of the target object through the person analogy be feasible, and that, 
if not. the prediction be rejected. They claimed that this constraint works after the 
pcrsnn analogy is attempted, that is, one examines whether the analogical inference is 
lonable on the basis of factual knowledge about the target object, fiven young children 
utii-n know spt'cilic facts about "observable attributes" of an animate object, e, g., 
whether or not it has a mouth, walks, speaks to humans, etc, -eg,. Gelman. Spelke & 
Meek. 19x;.i; Inagaki <X: Hatano. lr)87 . Thus they may use this knowledge to check 
the plausibility of predictions reached by the person analogy, even though the knowl- 
is iu»l powerful enough to generate predictions in itself. Inagaki and Hatano 
I9S7. li)91 provided evidence supporting this idea on the role of feasibility constraint 
in a proerss oi* personification. 

In (»iie of their studies Inagaki & Hatano, 1991 . children of ^ige 6 were asked 
i(t j)re(iiel a grasshoppei's or tulip's reactions to thiee types of novel situations: »a' 
similar situations, in which a human being and the target object would behave similarly, 
and thus the person analogy generates predictions plausible to them in light of their 
spi'cihe kowledgo. b contradictory situations, where the target object and a human 
wr)ul(l read different ly. and predictions based on the person analogy contradict 
i hildirn s sptvifie knowledge about the target, and c compatible situations, where the 
object and a human being would in fact react differently, but predictions obtained 
through the person analog\' do not seem ini})lausible to them. P^xample questions for 
each situation are as follows: "We usually feed a grasshopper once or twice a day 
when we raise it at home. What will happen with it if we feed it 10 times a day?" ; In 
the eaM' of a tulip, the word icah-y was used instead oi /ccd,] 'a similar situation 
"Suppose a woman buys a grasshopper. On her way home she drops in at a store with 
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this caged grasshopper. After shopping she is about to leave the store without the 
grasshopper. What will the grasshopper do?" (contradictory'; "Does a grasshopper 
feel something if the person who has been taking care of it daily dies? [If the subject's 
answer is "Yes"' How docs it feel?" 'compatible.'. 

Results indicated that for the similar situations many of the children generated 
reasonable predictions with some explanations by using person analogies, whereas they 
did not give personified predictions for the contradictory situations. As expected, they 
produced unreasonable predictions for the compatible situations, where they were un- 
able to check the plausibility of products of person analogies because of the lack of 
adequate knowledge -e g., about the relation between the brain and feeling ». 

What follows are example responses of two children foi* the grasshopper ques- 
tions and for the tulip questions, respectively : 

M. K. 6 years, 3 months : F'or the "too much eatii^K" (luestion of the similar situa- 
tion. "The grasshopper will be dizy.y and die, 'cause the grasshopper, though it is an insect, is 
like a person \i\ this point " ; for the "left behind" question of the contradictory situation, 
"The grasshopper will be picked up by someone, 'cause it cannot open the cage." 1 "1/ some- 
one (Iocs not pick nf) the cage, ivhal will tiw pvsahop/h'y do "The grasshopper will just 
stay there." ''Hr/n- doesn't the grasshopper do anything ? Why docs it just stay there ? " "It 
cannot 'go out of the cage and walk, unlike a person" ; for the caretaker's death question of 
the compatible situation, "The grasshopper will feel unhappy." 

Y. S. 6 years, 0 months ' : For the too much eating question in the similar situation, 
"The tulip will go bad. jehy ?] If we water the tulip too much, it cannot drink the water so 
much, so it will wither" ; for the left behind ciuestion in the contradictory situation, "The 
tulip doesn't speak .... Someone will bring the - potted - tulip to the police oUice, as a lost 
thing." there is no one ivho does sarh a thing, what will the tulip do ? Is there anything 
the tulip can do?"] "The tulip cannot move, because it has no feet"; for the caretaker's 
death question in the compatible situation, "The tulip will surely be sad. It cannot say 'sad.' 
but it will feel so inside." 

These illustrate well how these children applied knowledge about humans differentially 
according to the types of situations. Generally speaking, children generate reasonable 
predictions, using person analogies in a constrained way, and the person analogy may 
be misleading only where they lack i biological * knowledge to check analogy based 
predictions. 

Young children's frequent use of personification is not limited to biological infer- 
ence, but is observed in other behavioral domains. However, it is a very useful tool in 
biological inference, because humans are a species of advanced animals, and they have 
a body and reveal biological phenomena like other animals. 

Xon intentiofia! Causality 

The experimental evidence presented so far enables us to indicate that young 
children have a coherently organizt'd body of knowledge applicable to living things. 
This body of knowledge can be called a theory only when a causal explanatory frame- 
work is included in it. This concerns the third component of their biological know! 
edge. Here the ty])e of causality, intentional or non intentional, determines the nature 
of a theory Carey 0^)80 claimed that, as mentioned above, children before age 10 
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base their explatiati(»ns of bioloKical phenomena on an intentional causahty. because 
they are ignorant of physiolo^i^'al mechanisms involved. On the C(Mitrary. we claim 
that yoLMiK children before schooling can apply a non intentional causality in explaining 
biological phenomena, and thus they have a form of biology which is differentiated 
from psychology. 

Young children cannot give articulated mechanical explanations when asked to 
explain bic^logical phenomena e.g.. bodily processes mediating input output relations' 
in an open ended interview e.g., (rellert, 1962' ; sometimes they try to explain them 
using the language of person intentional causality Carey, 198r)'. These findings appar- 
ently support the claim that young children do not yet have biology as an autonomous 
domain. It seems inevitable to accept this claim so long as wc assume only two types 
of causalities, i.e., intentional causality versus mechanical causality, as represented by 
Carey 198,") . However, we propose an intermediate form of causality between these 
two. Children may not be willing to use intentional causality for biological phenomena 
but not as yet able to use mechanical causality. These children may rely on this inter- 
mediate form of causality, which might be called "vitalistic causality." 

Intentional causality means that a person's intention causes the target phenome- 
non, whereas mechanical causality means that physiological mechanisms cause the tar- 
get phenomenon. For instance, a spec i lie bodily system enables a person, irrespective 
of his or her intention, to exchange substances with its environment or to carry them to 
and ivom bodily parts. In contrast, vitalistic causality indicates that the target phe- 
nomenon is caused by activity of an internal organ, which has, like a living thing, 
"agency" i.e.. a tendency to initiate and sustain behaviors . The activity is often 
described as a transmission or exchange of the "vital force." which can be conceptual- 
ized as unspecified substance, energy, or information. X'italisMc causality is clearly 
different from person intentional causality in the sense that the organ s activities induc- 
ing the phenomenon are indei)endont of the intention of the person who possesses the 
organ. 

In Inagaki and Hatano 1990 ' some of the children of ages 8 gave explanations 
referring to sonu'thing like vital force as a mediattir when given novel questions about 
bodily processes, such as, what the halt of blood circulatit)n would cause ; for example, 
one child said, "If blood does not come to the hands, they will die. because the blood 
d'oes not carry energies to them." and ant)ther child, "We wt)uldn't be able to move our 
hands, because energies fade away if blood does nt)t come there." However, as the 
number of these children was small, we did another experitnent tt) induce children to 
choose a plausible explanation out of the presented ones. 

inagaki and Ilatano 199:1 Kxpeiiment 2' predicted that even if young children 
could not apply mechanical causality, and if they ctuild not generate vitalistic causal 
explanations for themselves, they would prefer vitalistic explanations to intentional 
ones for bodily processes when asked to choose one from amt)ng several possil)ilities. 
We asked (> year olds, 8 year olds, and college students as subjects tt) choose one from 
three possible explanations each for six biological phenomena, such as blood circulation 
and breathing. The three explanations represented intentional, vitalistic and mechani- 
cal causality, ri'spectively. 
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An example question on blood circulation with three alternative explanations was 
as follows: Why do we take in air? a - Because we want to feel good -intentional] ; 
b Because our chest takes in vital power from the air [vitalistic' ; Because the 
lunp^s take in oxygen and change it into useless carbon dioxide [mechanical]. 

As shown in Figure 4. the 6- year olds chose vitalistic explanations as most plau- 
sible most often ; they chose them 54% of the time. With increasing age the subjects 
came to choose mechanica' explanations most often. It should be noted that the 6 -year 
olds applied non intentional ' vitalistic plus mechanical / causalities 75% of the time, 
though they were more apt to adopt intentional causality than the 8 year olds or adults. 

This vitalistic causality is probably derived from a general mechanism of 
personification. One who has no means for observing the opaque inside or details of 
the target object often tries to understand it in a global fashion, by assuming it or its 
components to be human like Ohmori, 1985 Hence, young children try to under- 
stand the workings of internal bodily organs by regarding them as human like <but 
non communicative, agents, and by assigning their activities global life sustaining 
characters, which results in vitalistic causality for bodily processes. We can see a si_mi- 
lar mode of explanation in the Japanese endt)genous science before the Meiji restoration 
and the beginning of her rapid modernisation \ which had evolved with medicine and 
agriculture as its core Hatano & Inagaki. 1987 ■. 

Young children seem to rely on vitalistic causality only for biological phenomena. 
They seldom attribute social psychological behavior, which is optional and not needed 
for survival, to the agency of a bodily organ or part, as revealed by Inagaki and 
Hatano -1993. Experiments 3 and 3a '. The following is an example question for such 
behavi(M' used in the study : "When a pretty girl entered the room. Taro came near her. 
Why did he do so?" Eighty percent of the G year- olds chi)se. "Because Taro wanted 
to become a friend oi* hers" 'intentional explanation;, whereas only 20 percent opted 
for. "Because Taro's heart urged him to go near her" ■ vitalistic]. For bit)iogical phe- 
nomenon questions, almost the same as those used in Experiment 2 of Inagaki and 
Hatano • 1993 ■ except for excluding the mechanical causal explanation, they tended to 
choose \ italistic explanations rather than intentional ()nes. 

% 
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Then, two theoritical issues emerge. First, does the use of vitalistic causality by 
youTig children falsify Carey's claim? It does m)t do so necessarily. We do not know- 
yet which of human properties, in addition to "agency", children assign to bodily 
organs. It is possible that children, especially yt)unger ones, find organ -intentional 
vitaiistic explanations appealing for biological phenomena. If this is the case, we must 
conclude that young children's biology is still "psychological" in the sense that it 
involves intentional states, though the domain is differentiated from psychology. Sec- 
(md, what is the relationship between the vitaiistic explanation for biological phenom- 
ena and the teleological functional explanation for biological properties (Keil, 1992-? 
Both are certainly in between the intentional and the mechanical; both seem to afford 
valid perspectives of the biological world. One interpretation is that they are essen- 
tially the same idea with different emphases the teleological concerns more the why or 
the cause, whereas the vitaiistic is concerned more with the how or the process. 
Another interpretation is that, because the vitaiistic explanation refers to activity of 
the responsible organ or bodily part vimplicitly for sustaining life-, it is closer to 
mechanical causality than is the teleological one, which refers only to the necessity. 
Anyway, it will be intriguing t(; examine these characterizations of young children's 
''biological" explanations in concrete experimental studies. 

Yoi()i}f Cliild)Vii Possess a Xairc Thco)y of Biohiry 

From the above findings \vc can conlude that children as young as 6 years of age 
possess three essential components of biology, that is, the living nonliving and the mind^ 
body distinctions, a mode of inference enabling one to produce consistent and reason- 
able predictions for animate objects, and a non intentional causal explanatory frame- 
w(»rk. These components correspond respectively to ihe three features that Wellman 
1990 lists in characterizing framework theories: ontological distinctions, coherence, 
and a causal explanatory framework. We can conclude that, contraiy to Carey 
« 198;') , children before schooling have acquired a form of biology differentiated from 
psychology. 

Use, Acquisition and Change of Naive Biology 
How Saiir Biology is Used 

The components of young children's biology, which are described in the preceding 
section, have been identified through interviews, more specifically, based on children's 
answers to experimental questions regarding biological phenomena. In ihis sense their 
naive biology .s psychologically real. However, some skeptical readers may wonder if 
such answers are generated by strange experimental questions, and if children almost 
never use such "biological knowledge" in their everyday life. In order to persuade 
those readers, we will discuss in this section ^1' whether naive biology is relied on in 
children's everyday problem solving and understanding, and 2' whether it enhances 
children's learning and memory about animals and plants. 

Childrru's use of udiir hioloify iu Ihcir daily life. Although we have not yet 
exa:nined systematically a database of young children's utterances, a few observant 
early educat(a-s have reported instatKX^s revealing that naive biology enables young ehil- 
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dren to make sense of biological phenomena they observe, and also to solve daily prob- 
lems involving animals and plants. P'or example, Motoyoshi vl979'' reports the follow- 
ing statement of a 5- year- old girl. Based on accumulated experience with raising 
flowers, and relying on her naive biology, she concluded: "Flowers are like people. If 
flowers cat nothing vare not watered', they will fall down of hunger. If they eat too 
much - are watered too often \ they will be taken ill". This superb analogy demon- 
strates that young children's personifying biology can serve as the basis for understand- 
ing botanical phenomena and thus constitute what Keil n992j calls a mode of con- 
strual. 

Likewise, we believe that young children's biology is useful in everyday biological 
problem solving, more specifically, in '.a^ making predictions for reactions of familiar 
animate entities to novel situations, vb ' finding a cause for an unusual reaction of ani- 
mals and plants, and ^c predicting properties and behaviors of unfamiliar entities. An 
anecdotal but impressive example of causal attribution for an animal's unusual physical 
reaction is reported also by Motoyoshi 1 1979 \ Children aged 5 in a day care center 
inferred that, when they observed unusual excretion of a rabbit they were taking care 
of every day, it might be suffering from diarrhea like a person, and after group discus- 
sion, they produced an idea of making the rabbit take medicine for diarrhea as a 
suffering person would. 

Hatano and Inagaki ' 1991b ^ examined experimentally whether young children 
would make causal reasoning based on their personifying biology, as suggested in the 
above example. They presented to 6 year -olds three bodily phenomena of a squirrel, 
which can also be observed for humans (being constipated, diarrhea, and getting older 
and weaker ■', and asked them to guess a cause for each phenomenon. About three 
quarters of them on the average could offer some reasonable causes, and also judge the 
plausibility of causes suggested by the experimenter. About a half of them explicitly 
referred to humans at least once in their causal attributions for a squirrel. At the 
same time, however, some of their expressions strongly suggest that they edited or 
adapted to this animal those responses obtained by the person analogy I'e. g.. "A squir- 
rel became weaker because it did not eat chestnuts" •. Nai\'e biology seems to pi'ovide 
youi^g children with a conceptual tool for causal reasoning about bodily phenomena of 
other animals as well as humans. 

Saivc biology a.^i prior foiowlcdgc for UvrninM about animals and plants. We 
expect that young children promptly remember those facts concerning animals and 
plants which are plausible within their naive biological framework. In our experiment 
in progress, we presented 5 and 6 year olds one of the two lists, connected or random, 
and asked to remember sentences in it. Each sentence consisted of an unfamiliar ani- 
mal as the subject, its behavior, and outconK*. In the connected list, the behavior and 
the outcome were causally connected in naive biology, because the cause induces the 
outcome in humans e.g., "A coyote ate rotten meat and had diarrhea" . In the ran- 
dom list, causes and outcomes were randomly paired. The data are being analyzed, 
but we expect to find that young children would recall sentences in the connected list 
much better, even when sentences were false for those animals. 

Naive biology is particularly useful because it helps children learn meaningfully 
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procedures for taking care of animals and plants as well as themselves in everyday life. 
(Global understanding of internal bodily functions is enough for such purposes, hiagaki 
and Kasetani '■ ly94-' examined whether inducing the person analogy, a critical compo- 
nent of naive biological knowledge, would enhance 5 and 6 year olds' comprehension 
of raising procedures of a squirrel. The subjects were aurally given the description of 
the procedures while watching pictures visualizing them. The description included sev- 
eral references to humans in the experimental condition but not in the control condition. 
For example, about the necessity of giving a variety of food to a squirrel, the experi- 
menter indicated. "You do not eat favorite food only. Vou eat a variety of food, don't 
you?" After listening to the description of all procedures, the children were asked to 
tell how to raise a squirrel to another lady -.a confederate ^ They were asked ques- 
tions by this lady, e.g., "What kind of food might I give a squirrel? Favorite chest- 
nuts only, chestnuts, seeds and vegetables mixed, or ice cream?" They were thus 
required to choose an alternative and to give the reason. 

The experimental group children, irrespective of age, gave more often adequate 
reasons for their correct choices than the control ones, though their superiority in the 
number of correct choices was significant only for the \'ounger subjects. For instance, 
one 5 year old child said, "Don't feed chestnuts only. Vou must give a squirrel a 
plenty of seeds and carrots, because a person will die if he eats the same kind of food 
only, and so will it." 

There have also been studies suggesting that children can find how to solve a 
problem by being given some hints to use knowledge about humans when they are at a 
loss. In Inagaki and Hatanos • 1987- study on analogy mentioned above, children v>'ho 
had no idea about reactions of the target objects in novel situations were given a hint, 
such as, "If you were in that situation, what would you di)?" After making a 
response to this inserted cjuestion, they were again asked the same question aboui the 
target object. This hint question helped about 80% of the children produce some pre- 
dictions for the target objects, and about 70% of their predictions were reasonable. 

A similar example of the effect of such a hint is found in a teacher's guidebook 
made by a Japanese Research and Development group called the '^Kyokuchr method in 
science education < 1974 In the unit on animals' bodily structures and their ways of 
living children are given the following problem: "Which is a bigger eater, a starfish or 
sea anemone?" By being given a hint, such as "Taking exercise makes you hungry, 
doesn't it?", they are likely to figure (ait the correct choice successfully. 

117/^// trimr^ biohwad loiowlvd^c. Young children's naive biology is functional 
partly because its components are promptly and effortlessly retrieved and used to gener- 
ate more or less plausible ideas. Their personifying and vitalistic biology seems to be 
triggered almost automatically whenever children come into contact with novel phenom- 
ena which they recognize as "biological" » Inagaki, 199()b'. Then, what phenomena are 
recognized by children as biological? Those occurring within a < human ^ body are 
almost always treated as biological. In addition, behaviors and properties which are 
relevant to survival 'and also reproduction' seem lo trigger children's biological knowl- 
edge. For example, in experiments by \'era and Keil =1988' those contexts referring 
to a person's living bett(M- or becoming more active produced more extended and accu- 
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rate induction of human biological properties to animals, whereas those indicating a 
person's subjective feelings did not. In Inagaki and Hatano's w994 experiment con- 
texts referring to the vital force produced induct i{)n extended even to plants. 

Speaking generally, making an educated guess by applying insufficient knowledge 
is often rewarded in everyday life, both in individual problem solving and in social 
interaction, so most everyday knowledge is readily used. Children's naive biology is 
not an exception, we believe. In fact in our study described above .Inagaki & Hatano, 
1987' it was very rare that the childrc gave no prediction or the "I don't know" 
answer to our questions which were somev»'hat unusual. It should also be noted that 
naive biological knowledge is seldom applied "mechanically." As mentioned earlier, 
children constrain their analogies by factual, procedural or conceptual knowledge about 
the target to generate a reasonable answer. 

Aaiuisition of \aiir Biology 

As already mentioned, our experimental data strongly suggest that children as 
young as 6 years of age have acquired a form of biology. This early acquisition of 
biology is not surprising from the perspective of human evolution, because it has been 
essential for our species to have some knowledge about animals and plants as potential 
foods Wellman & (relman, 1992^ and also knowledge about our bodily functions and 
health - Hatano. 1989; Inagaki & Hatano. 199!^'. When children acquire an autono- 
mous domain of biology is still an open question for us. because we have not examined 
whether much younger subjects too possess a form of biology. 

However, we think that the acquisition of biology comes a little later than that 
of physics or psychology. Infants seldom need biological knowledge, since they d(j not 
need to take care of their health nor try to find food themselves. Moreover, autono- 
mous biology has to deal wi:h entities which have agency vi.e., initiate and maintain 
activity without external forces-' but can hardly communicate with us humans, and thus 
has to apply an intermediate form of causality between the intentional and mechanical. 
Autonomous biology also requires to include animals and plants, which appear so 
different, into an integrated category of living things. Though there is some evidence 
that even infants can distinguish objects having a capacity for self initiated movement 
from those not having it 'e.g., CioHnkoff, Harding, Carlson. 8z Sexton, 1984 \ this can- 
not directly serve as the basis for the living nonliving distinction. 

Cognitive bf/scs of uaivc biology. Whether naive biology gradually emerges out 
of naive psychology Carey, 198n» or is a distinct theory or mode of construal from the 
start Keil, 1992 ' is still debatable. It is true that, as Keil argues, presiiool children 
have som(^ understanding of the distinction between tht biological and .he social psy- 
chological 'See above'. In \'era and Keil ^1988', for example, 4 year olds' inductions 
about animals, when given the biological context, resembled those previously found for 
7 year olds, who were given the same attribution questions without context ; giving the 
social psychological context to 4 year olds did not affect the inductions they made. 
However, young children may overestimate the controllability of bodily processes by 
will or intention. In fact, our modified replication study on the controllability of inter- 
nal bodily functions suggests that year olds are not sure whether the workings of 
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bodily organs arc lx\vond their control Inagaki & Suzuki, 1991 , 

Our own speculation about how youn.i? children acquire personifying and vitalistic 
biology through everyday life experiences is as follows. Children notice through 
somatosensation that several "events", uncontrolled by their intention, are going on 
inside the body. Since children cannot see the inside of the body, they will try to 
achieve "global understanding" by personifying an organ or bodily part. Co'isidering 
that young children use analogies in a selective, constrained way CInagaki & Hatano, 
1987, 1991 ; Vosniadou. 1989 . it is plausible that they apply the person analogy to bodi- 
ly organs in that way, too. More specifically, they attribute agency and some related 
human properties but not others -e.g., the ability to communicate' to these organs. 
They also through personification generalize this global understanding of the body to 
other living things. 

A set of specific innate or very early cognitive constraints is probably another 
important factor in the acquisition of naive biology. It is likely that even very young 
children have tendencies to attribute a specific physical reaction to a specific class of 
events, such as that diarrhea is caused by eating something poisonous. These ten- 
dencies enhance not only their rejection of intentional causality for bodily phenomena 
but also their construction of more specific beliefs about bodily processes. 

rnivcrsah in uaiir biology. That innate constraints serve as the bases for ac- 
quiring naive biology has been strongly suggested by the universality of selected aspects 
of folkbiology and naive biology. As suggested by Atran vT990;, it may be possible to 
find the "common sense" or core beliefs shared by all forms of folkbiology and even by 
scientific biology. Although what are such core beliefs is debatable, the taxonomy of 
animate entities or a set of the ontological distinctions is certainly included among 
them, because all folkbiological classifications reported so far correspond to the 
scientific one highly accurately ''e.g., Boster, 1991'. 

Likewise, much of the research inspired by Fiaget, e.g.. those examining chil- 
dren's attribution of life status and consciousness to a variety of objects, has shown 
parallels among the biological understanding or naive biology of children in different 
cultures. The distinctions between animals and terrestrial inanimate objects are partic- 
ularly strong. The frequent use of personification and reliance on vitalistic causality, 
important components of naive biology, are also expected to be more or less universal, 
though they have been documented only in a few countries. 

Activity based experiences. We are willing to admit that, because of the above 
general mechanism of personification and the resultant vitalistic causality, which "fit 
nicely with biology" « Keil, 1992. p. lOf)), and specific cognitive constraints, there must 
be some core elements in naive biology that are shared among individuals within and 
between cultures, as suggested by Atran 1990 However, we would like t(/ empha- 
size that this does not mean children's activity based experiences do not contribute to 
the acciuisition. Some such experiences are also universal in human ways of living, but 
others may vary and thus produce differently instantiated versions of naive biology. 
For example, if children are actively engaged in raising animals, it will be possible for 
them to acquire a rich body of knowledge about them, and therefore to use that body 
of knowledge, as well as their knowledge about humans, as a source for analogical 
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predictions and explanations for other biological kinds. 

Our studies have in fact revealed that such an activity may produce a slightly 
different version of naive biology from the ordinary one. Inagaki •1990a' compared 
the biological knowledge of kindergarteners who had actively engaged in raising 
goldfish for an extended pei'iod at home with that of the children of the same age who 
had never raised any animal. Although these two groups of children did not differ in 
factual knowledge about typical animals in general, the goldfish -raisers had much ri- 
cher procedural, factual, and conceptual knowledge about goldfish. More interestingly, 
the goldfish -raisers used the knowledge about goldfish as a source for analogies in 
predicting reactions of an unfamiliar "aquatic" animal vi.e., a frog"), one that they had 
never raised, and produced reasonable predictions with some explanations for it. For 
example, one of the raisers answered when asked whether we could keep a baby frog 
in the same size forever, "No, we can't, because a frog will grow bigger as goldfish 
grew bigger. My goldfish were small before, but now they are big." It might be added 
that the goldfish -raisers tended to use person analogies as well as goldfish analogies for 
a frog. In other words, the goldfish raisers could use two sources for making analogi- 
cal predictions. 

Moreover, in another study i K{)ndo & Inagaki. 1991 : See also Hatano & Inagaki. 
1992'. goldfish -raising children tended t{> enlarge their previously possessed narrow con- 
ception of animals. As shown in Figure 5 as an example. Goldfish raisers attributed 
animal properties which are shared by humans > e. g, having a heart, excreting, etc 
not only to goldfish but also to a majority of animais phylogenetically in between 
humans and goldfish at a higher I'ate than non raisers. This suggests that the experi- 
ence of raising goldfish modifies young children's pi erred mode of biological infer- 
ences. 

Cidlnnd and liui^id:>tic variables. The biological understanding observed in 
different cultures is n{)t identical. The most striking of the differences thus far report- 
ed concerns ideas about plants of children in Israel. Stavy and Wax C1989 ' showed 
that about a half of a sample of 6-12 year-olds, when asked to judge the life status of 
animals, plants, and nonliving things, classified plants either as nonliving things or as 
falling within a third category, things that are neither living nor nonliving. Reliefs 
about inanimate objects also ma\- differ between cultures. Whereas recent studies con- 
ducted in Xorth America indicate that young children seldom attribute life or other 
living thing properties t^; any terrestrial inanimate objects 'e.g., Dolgin & Behrend. 
1984; Richards & Segler. 1984 \ Inagaki and Sugiyama '1988' reported that some 
Japanese preschoolers extended mental properties even to inanimate objects without 
movement or function, such as stones. 

Hatano, Siegler, Richards, Inagaki, Stavy and Wax ;199:^ tried to differentiate 
between universal and culturally specific aspects of children's conceptions of life and 
miderstanding of attributes of living things, by comparing kindergarteners, 2nd , and 4th 
graders from Israel, Japan and the United States. The children were asked whether 
two instances each of four object types qjeople, other animals, plants and inanimate 
objects- possessed each of 16 attributes that included life status being alive \ unobser- 
vable animal attributes e.g.. has a h(\nrt , sensory attributes 'e.g.. feels paii *. and 
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FIGURE 5 Attnhutloiiiil i)ationis {)f oxt^rotion to varit^-d ohjorts in 
>^(*ld!ish iai>^in,u and non raisinj^ childitMi. 

attributes true of all living things ck- Ki'ows bigKcr . 

The results illustrate both similarities and differences across cultures in children's 
bioloKieal understanding^. Children in all cultures knew that people, other animals, 
plants, and inanimate objects were different types of entities, with different properties, 
and were extremch accurate regarding humans, somewhat less accurate regarding 
other animals and inanimate objects, and least accurate regarding plants. At the same 
time, as predicted from cultural analyses. Isiaeli children were considerably more likely 
not to attribute to plants properties that are shared by all living things, whereas 
Japanese children, whose overall accuracy was comparable to the Israeli, were consid- 
erably more likely to attribute to inanimate objects propeities that are uni(|ue tc) living 
things. 

'i'liese di ff ercMiees are especialh' interesting because tlie\' suggest ;hat children's 
naive biology is intluenced by beliefs within the culture where they grow up. Consider 
why Japanese children might be more likely than children iti the U. S. or Israel to view 
plants or inanimate objects as alive and having attributes of living things. Japanese 
culture includes a belief that plants are much like human beings. This attitude is re- 
presented by the Buddhist idea that even a tree or blade of grass has a mind. In 
Japanese fulkp^yt nology, even inanimate objects are sometimes considered to have 
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minds. Vov example, it is at least not a silly idea for Japanese to assign lift' or divin- 
ity not only to plants but also to inanimate objects, especially bi^ or old ones. In 
addition, linguistic factors seem to intiuence Japanese children's attributional judgments. 
'rh(* kduji Chinese character representing it has a prototypal meaniiiK of "fresh" or 
"perishable" as well as "alive." Therefore, this kanji can be applied to cake, wine, 
sauce, and other perishable K<><>ds. 

Similar features of culture and lanKtia^c may account for Israeli children beinK 
less apt than American or Japanese children to attribute to plants life status and prop- 
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erties of living things See Figured . Stavy and Wax 1989 suggested that within the 
Israeli culture, plants are regarded as very different from humans and other animals in 
their life status. This cultural attitude parallels that of a Biblical passage ^Genesis. 1. 
30 . well known to Israeli students, indicating that plants were created as food for liv- 
ing things including animals, bird, and insects. Adding to. or perhaps reflecting, their 
cultural beliefs, the Hebrew word for "animal" is very close to that for "living" and 
'alive.'* In contrast, the word for "plant" has no obvious relation to such terms. 

How culture inflences the development of biological understanding has yet to be 
studied. Parents, schools, and mass media may serve to transmit cultural beliefs. P'or 
example. Japanese parents may communicate the attitude through their actions toward 
plants and divine inanimate objects, though they do not usually tell their children this 
explicitly. Culture may provide children with opportunities to engage in activities that 
lead them to construct some particular biological understanding, as in the case of chil- 
dren of raising goldfish ilnagaki. 1990a; Hatano & Inagaki. 1992 \ 

Iu'()li(tw}i into Intuit in- Biology 

So far we have emphasized strengths of young children's naive biology. Doesn't 
it have any weaknesses ? Of course, it does. Its weaknesses are obvious even when 
compared with intuitive biology that lay adults have, which is considered as a product 
of interaction between naive biology and so-called scientific biology. Let us list some 
major .-aknesses of naive biology: ^a' limited factual knowledge, ^b' lack of infer- 
ences based on complex, hierarchically organized biological categories. ' c » lack of 
mechanical causality, and d lack of some conceptaual devices te.g.. "evolution." 
"photosynthesis" . 

As children grow older, they acquire more and more pieces of biological knowl- 
edge elimination of the weakness a . and with it the status of humans changes. 
Young children regard humans as uniciue. and thus as a prot(;typical species of all living 
things, whereas older children and adults consider them as a very special species and as 
only a kind of animals. 

As children grow older, theii' personifying and vital istic biology gradually 
changes toward truly "non psychological** if not scientific biology by eliminating the 
above weaknesses b and c \ namely, toward a biology which relies on category 
based inferences and rejects intentional causal explanations. We assume that this 
change or the fundamental restructuring of knowledge is almost universal, at least 
among children growing up in highly technological societies, and that it can occur with- 
out systematic instruction in biology, though schooling may have some general 
faciiitative effects on it. Acquisition (^f basic conceptual devices 'elimination of the 
weakness d seems to be diOlcult to be achieved without being taught so called 
scientific biology at school, and incorporating them meaningfully into children's existing 
body of knowledge can usually be achieved only with the restructuring of that knowl- 
edge. 

Let us present a few relevant empirical studies. Johnson. Mervis and Boster 
■ 1992 ' found that, whereas 10 year olds and adults possess a category of primates and 
include a human in it. 7 \'ear olds regard a human very difierent even from a monkey. 
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Does X breathe? 




FIGURE 7 Auribulional patterns o\ breathinj^ to varied 
<)l)jects in each ajje jin^jp 



Carey 1985 also ivportt'd similar results, using the induction paradigm; when 4 year 
i)lds were taught some novel properties on people, they attributed them to other ani- 
mals to much greater than when taught on dogs. In contrast. Hi- year olds and adults 
who were taught on dogs were hardly distinguishable in attributional patterns from 
those taught on people. Rather, projections from dogs were slightly greater than from 
people. These results indicate that the status of humans changes from that of a proto- 
type to what is not more prototypical than dogs. 

Inagaki and Sugiyama examined how young children's human centered or 

"similarity based" inference would change as they grew older. They gave attribution 
questions, such as "Does X have a property V?", to children aged 4 to 10 and college 
students. Results indicated that there was a progression from 4 year olds' predominant 
reliance on similarity based attribution attributing human properties in proportion to 
perceived similarity between target objects and humans ^ to adults' predominant reli- 
ance on category based attribution attributing by relying on the higher order category 
membership of the targets and category attribute associations . Figure 7 shows an 
example of developmental i^atterns obtained in the attribution of anatomical physiologi- 




K \\\ |»1 MjM'i ties 

rills Av.W iV<»iii siiuilmitN l)asrcl to caU'(M'\- l)nsi'cl inftTriUH'S is inchict'cl iint only 
b\ ;m increased niuoniit of knowled^^t' but also by the dovt'lopnient of inotaco>^niti\X' 
briiris ('\ nlualin>,' nioir bij^liU tlir nscfnlncss of bi^^luM' order cate>^ories Ina>^aki. 1989 \ 
C luldren irali/r tbat liiy^brr order rati'j^orit's art' more dependable than the similarities 
toi niakiiiK i'orreel predictions. Higher (trder caley^ories are very helpful in predictinj^ 
nnlamiliai- .miinals' beha\iors. attributes, habitats, and so on. This realization facili- 
lalrv ill,- iisf of such catey^ories in any situation in which a biolo^^ical inference is 
retiniied Ilatano and Inay^aki 1991a provided data to conlirni this idea, using a task 
desinj^ned to assess ciiildren's nietacoy^nit ive beliefs about th.e ck'pendability of cate^^ory 
b^iM'd ver'^us siniilarit\' based infert'nee. 

As children vJiow older, there also occurs a d(.'\'(.'loi)nu'ntal ehan^^e in causality for 
ntteinal bodiU functi(nis. hi contrast tt) \'onn>^ chikhx'n's \'italistic, and sonietinies even 
mieiitional. biological explanations, older children reject intentional explanations for 
budcigical pheiu)ineiKi and are inclined to use mechanical causality exclusi\'el\". In 
{•ixperiment '1 k\\ Iiiagaki and llatano*s 199.'i study, the difference between 6 year olds 
and s year okN was larger than tlie difference between 8 year olds and adults in terms 
i»l pieliMciice foi mechanical explanations and a\'oidance of intentional ones 'See Fig- 
m e 1 

Those results suggest that yt)ung children's l)iolog\' is (|ualitati\'el\' different from 
the biology ihat older children and adults have, and that, in accordance witli Carey's 
» laim. there cn'cuis a conceptual change in biological understanding between ages \ and 
In lhiwe\(M'. I'ontraiy to hei' claim, this change is characterixed not as the 
ditieuMit iat ion o| bi(»l(»gy from [)s\ch<ilogy but as a (iualitati\'e change within the auton- 
'Miiiuis domain of bif>log\', I)ecause children as \'oung as () \'ears of age already possess 
.1 jot ni oi hictlog\ 

.\ii(>tlier important change ma\' occur as a result of the learning of sclent i. 
bi"ikiL;\ ;it mIuhjI. which is often bexond intuiti\'e biologN*. In order to be able to rea- 
•-on "seienlilicalK " in biologv one needs to know its basic concepts and princil)les, 
ni.n«n ccuu-eplnal {le\ ices which cannot be ac(jiiired without inter\'ention. For example. 
It Mtie (lno> \\K)\ know the phenomenon of photosynthesis, one will not be able to under- 
>^lan(l llu* (lilleiencc* between animals and plants i.e.. plants can produce nutriment 
llieniseKes . and thus may accept the false analog\' of tr.aiJping water for plants with 
Innd |i»t animals \\'e assiinu' that, unlike the lirst conceptual change just described 
ab'»\r. this liiaiige is fiard tn achie\"e and thus occurs onK* among a limited portion of 
m1<1('i (iiildi't'ii or adolescents. 

l-« adults' intuiti\-e l)iolog\- no more personifying? Does the intuiti\'e biolog\' no 
iM"ie ud\ !Hi \italislic biolog\- ? Answers for these <|ues(ions ai'e No. The fact that 
tlu'H exists a shilt fr«>m similarity based to category based inferences does not mean 
that t4der children and adults ne\er rely on the similarity to people in their attributions. 
InaKaki and Sugixama l!l8S reported that a substantial numbi'r of adults as well as 
ukk'! chililten still iel\ on similarity to people in attributing mental pro|)erties to varied 
animate entities. Morita, Inagaki and Ilatano 1988'. using reaction time measures. 
je\ealed (hat collegt* students use the similari'v to people to some extent not only (or 
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mental properties but also anatomica physiological ones in a situation in which they 
have to respond very quickly and thus are not able to use the category membership of 
target objects and category property relationships, These results strongly suggest that 
personificalioi or the person analogy may be used even by adults as a fallback strategy. 

The fact that college students preferred much more strongly mechanical causality 
to the vitalislic one ilnagaki & Hatano» 1993. Experiment 2) does not mean that they 
never rely on the latter in any situation. One of the college students in Inagaki and 
Hatano •1993 consistently chose vitalistic explanations, and answered for an inquiry 
at the interview after experiment. "We usually choose those including 'oxygen or 'the 
heart works like a pump* because we have learned in school to do so, Howe\*er. I 
chose others because they were most convincing and comprehensible to me." This sug- 
gests that vitalistic biology continues to work as a basis of understanding and to be 
used in situation where people do not think that they are required to answer based on 
so called scieiUific biology. 

Conclusions 

Since Carey 1985 , young children's naive biology has been an exciting topic for 
research in cognitive development. As more and more ambitious researchers have 
joined to study it. a richer database has been built and finer conceptualizations offered 
about this specific issue. It will piobably be a popular topic for the coming several 
years, and research questions about naive biology, like the ones discussed so far in this 
article, can be belter answered and or bettei' rephrased. 
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Acoustic characteristics of the speech of nineteen mothers to their normal and 
lanj^uase impaired four year olds durinj^ a stt)r\' readinj^ task were anah'zed on four 
scales of Expressiveness. Kate, Utterance Based Productivity, and Pause Based Pro- 
ductivity. Mother's audiotaped voices were digitized and then band pass filtered and 
analyzed by the computer system. VOXCOM. Discriminant function analysis correct- 
ly classified 84.2"o of the mothers of language impaired children based on values 
representing the acoustic scales. The Expressiveness and Kate scales contributed the 
greatest discriminatory power to differentiating between the two groups of mothers. 
The results were interpreted in light of the importance of expressiveness and rate for 
focusing attention and consecjuent cognitive development. 

Introduction : 

Acoustic analysis of mothers speech to their children has traditionally been h'nv 
ited to speech with young children, those less than three years of age. and particularly, 
eighteen to twenty one months of age 's Owens. 1988:. The purpose of this research 
has been to document the presence of a specialized speech register used by primary 
care givers in speaking to young language learning children \ Nelson, 1973 ; Wells, 
19S1 : Snow, Dubber and l)e Blauw. 1982; Snow and Fergusen, 1977; Schachter and 
Strange. 1982; Cross, 1977 . This register has been called "motherese" and has been 
interpreted as a consistent and simphfied model from which the child can learn lan- 
guage, particularly syntax ; Newport, (ileitman ano .ileitman, 1977 '. 

Karly speech to young children has been generally found to consist of short, 
grammatically accurate sentences with many exclamations, use of high pitch and spe- 
cial voice qualities such as whispering, slower rate of speech. frec|uent repetitions, and 
baby talk words; and fre(iuent use of (juestions and elab()rati{)ns {)f the child's utter- 
ances (iarnica, 1977; Snow and Ferguson. 1977; S!iow. 1984 . Six acoustic features 
of mother's speech to young children isolated by (larnica ' 19V7 include higher funda* 
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mental frequency, greater pitch range, rising terminal frequency, longer duration in 
speaking separable verbs, and placing two primary syllabic stresses on words calling 
for one. Acoustic features have been found to be instrumental in focusing attention, 
differentiating given from new information, differentiating speech acts and syntactic 
structures, signalling organizational boundaries, and improving intelligibility and reten- 
tion of meaning (Bates and MacWhinney, 1979; Clark and Clark. 1977; Crystal. 1981; 
Wode, 1980; Campbell and Shriberg, 1982; Wingfield, Lombardi, and Sokol. 1984). 

In spite of the significance of and interest in acoustic analysis of mother's speech 
to their young children, studies to date have been conducted primarily with children 
younger than age three, have used imprecise instrumentation and subjective estimations 
of acoustic characteristics (.Shute and Wheldall, 1989). and have not included compari- 
sons across diagnostic categories as regards acoustic features. 

The present investigation seeks to analyze acoustic aspects of mother s speech to 
their four year old children from the perspective of their significance for cognitive 
development. It is recognized that the child's knowledge structure is fully reorganized 
between the ages of four and ten years Carey, 1987). This reorganization is based on 
prerequisite attention which is tightly connected to linguistic components in regulating 
activity (Zaporozhets and Elkonin. 1971; Wertsch. 1985). The formation of attention 
begins with the adult using words in characteristic ways to attract the child's attention 
to various aspects of reality. Gradually the child learns to organize his own attention 
based on his interaction with significant others. Acoustic characteristics reflect the 
reciprocal relationship or lack thereof, between the adult and child. The intonational 
envelope, as it has been called, signals joint participation between the adult and child 
^ Bruner, 1975 '. This joint attention is the foundation on which later reorganization of 
knowledge structures is based (Dimitracopoulou. 1990*^. 

In contrast to the often imprecise instrumentation used in other studies exploring 
acoustic aspects of mother s speech to young children, it is the purpose of this investiga- 
tion to identify differences in speech to normal versus language impaired children using 
a unique computer based speech analysis system. VOXCOM. VOXCOM is a uniquely 
precise system using a microcomputer which provides a means to analyze recorded 
samples of natural speech in real time. The VOXCOM system was originally designed 
to provide objective and quantitative characterizations of the speech patterns found in 
various clinical populations. Its primary use thus far has been with schizophrenic and 
clinically depressed adult patients to identify the patients' ability to express emotion or 
affect. Initial studies indicate that acoustic cues may differentiate some of these clini- 
cal groups. This investigation seeks to extend the application of acoustic analysis 
using VOXCOM to differentiate between speech by mothers to normal versus language 
impaired children. Since language impaired children have been found to have deficits in 
social and linguistic interactional knowledge and competence 'Bryan. 1981'. acoustic 
features of maternal speech with normal and clinical populations may initially be a way 
to differentiate these groups and ultimately, help predict concomitant attentional and 
subsequent cognitive characteristics. 
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Method : 

The subjects for this study are two groups of mother-child dyads, ten iiornial 
child mother pairs and nineteen language impaired children and their mothers. All 
children participating in the study are between the ages of 4 ; 0 and 5;L have demon- 
strated age deviation scores between 90 and 116 on an intelligence measure (Burgemeis- 
ter. et al., 1972:-, and are boys. Dyads participating in the study are representative of 
the middle to upper middle socioeconomic level as determined by HoUingshead's Two 
Praetor Index of Social Position vMeyers and Bean, 1968). Only families whose pri- 
mary language is P^nglish were included in the present investigation, and all mothers 
and their children were Caucasian in ethnic origin. All subjects had normal auditory 
acuity and normal or corrected visual acuity. Normal children had demonstrated lan- 
guage competence on a locally devised screening measure which included assessment of 
expressive and receptive language abilities. No children in this group were known to 
have any language or emotional disorders and had not been referred for special educa- 
tion services of any kind. Language impaired subjects had been diagnosed by private 
or public agencies as evidencing a significant language disorder according to the State 
of Colorado guidelines, and were enrolled in an early intervention language program. 

Mothers were engaged in a task in which each was given the same book (Crowe, 
U)SO to' read to their preschool child. Reading has been found to be a preferred mea- 
sure for analyzing acoustic characteristics of speech as it yields a high test-retest corre- 
lation and accurately reflects measurements of spontaneous speech cFitch, 1990-. 
Reading sessions were coj-ducted in the mother's homes in a naturalistic setting and 
audiotaped. The analog signals from the mother's aud!otaped reading of the story text 
were digitized and then band pass filtered and analyzed by a computer system, VOX- 
COM ' Alpert, et al., 19S6 . The range of the band passed filters is adjusted to accom- 
modate specific samples of speech. For men the range extends from 80-140 Hz while 
women have a range extending 120 to 280 Hz. After filtering, the signal that repre- 
sents the subjects voice is split into two parallel lines that are analyzed for frequency 
and amplitude information. In short, variations in voltages across time correlate with 
changes in loudness or stress that the subject produces. Consequently, usable data can 
be extrapolated from, the raw data through the VOXCOM method. F'igure 1 illustrates 
how the raw data would appear on an oscilloscope screen. 

Data is reported in the form of nffcrcoiccs, gaps, and peaks. In addition, VOX- 
COM breaks those groups into subgroups representing the number of utterances, gaps, 
peaks: the mean and variance of the time durations of utterances, gaps, and peaks; 
the mean and variance of the log of the amplitudes of peaks and the frequencies corre- 
sponding to those peaks ; the correlation between peak amplitude and peak frequency ; 
and the distribution of peaks within ulterances. The output of VOXCOM is shown in 
Table 1. 

An utterance is defined as an amplitude which is above a given threshold of back- 
ground noise for 100 msec. A gap is an amplitude that remains below the threshold for 
at least 200 msec. A peak is a point of maximum amplitude relative to the values of 
amplitude immediately preceding and following that point. As VOXCOM samples the 
raw data, it stores the values of amplitude and freciuency and then compares each sue- 
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UTTERANCE 2 



peak 1 peak 2 peak 3 



peak 4 



peak 5 peak 6 




<200 msec 

FIGURE 1 Hypothetical oscilloscopic tracings of two samples of speech to illustrate how \'OXCOM 
detects a >iap between utterance. 



TABLE 1 

VOXCOM Output 



I'arameters: idl -■ 2 id2 :i2()()5 id:? 2 
Kapniin - '20 utrniin ' Ht pkniinh ■ 51 
thresh 18 fmiii 20(1 fmax - 800 
acalib o fcalib ■ o fcalib2 0 uttkccp 

Total l^ime : seconds 



rtlerances: N 114 

Mean Duration '24J.r)4 
Freciuency Distribution : 
:\ 2 6 11 



X'ariance ^ ,'V25fi9 . 15 



4 (i 



;i n ;i 



4 4 4 'S2 



Caps: N 

Mean Duration 111.71 
Fre(juency 1 )ist ri but ion 
0 29 19 11 
All peak Data : N IMl r 
Duration 
Mean \"ar 
S 119.77 
Duiaticin i>f n peak utterances: 
::pk 
1 utt 
A utl 
3 utt 
7 utl 
9 utt 
11 utt 
i:^ utt 

i:» utt 



Variance 20;i;n.29 



9 

o.:^9 



4 9 s ;i ;i 0 



Amplitude 



rre(|uenc> 



Mean 



IS 
l;i 

M 
10 
14 



Var 

i:u.;u 

mean 

2s.;-; 

68.0 

i2(i.;i 

109.1 
202 8 

20:i . 1 
:M8.s 



Me'an 
■191.9 

var 
189.1 

22:m 

818.1 
926. 1 
949.1 
1020.1 
1021 1 
2024 1 



Var 
95 . 88 



34 



Acoustic Analysis of Maternal Speech 



ceeding value with the previous one. This identifies whether or not amplitude increases 
or decreases. Measures of uttmin and gapmin (minimum time duration for detec-^ing 
whether an utterance or gap has occurred), pkminh (the minimum decrement in ampli- 
tude needed for a peak to be detected;, thresh Uhe threshold or minimum amplitude 
that is considered usable signal by the peak detection routine), and fmin and fmax 
^minimum and maximum values of peak frequency accepted after band passing) are 
further used as criterion values against which analyze the data. With the use of fre- 
quency parameters, the VOXCOM system becomes a more precise method of control- 
ling peak frequencies that are accepted as values of fundamental frequency. 

From the computer based VOXCOM speech analysis system, scales of Expres- 
siveness. Utterance and Pause Based Productivity, and Rate have been developed. 
These scales represent average values derived from duration, variance, gap, rate, and 
peak information. Table 2 summarizes the components which comprise each of the 
scales. 

TABLE 2 
\'ariablc Scale Components 

Subject i)ause duration 

\'ariance of subject pause* duration 

Cap at the 90th %ile 

dap at the fiOth %ile 

Rate of peaks per total time 

ytterancc Based IVoduetivity rUD I' 
Subject vocalization duration 
\'ariance of vocalization duration 
I'tterance duration at 90 th %ile 
I'tterance duration at r)Oth "oile 

IVrcent of 1 i)eaU monosyllabic utterances total utterances 

Rate «)f peaks per time talking; 
Avera^'e duration of W peak utterances 
Avera^je duration of l peak utterances 
Avera^je duration of j peak utterances 
Avera^je duration of (i peak utterances 
Avera^je duiation of 7 peak utterances 
Aveia^je duration of a peak 
\'arianco of peak durati(m 

E xp re ss i v em.* ss 
Freciuency variance in lOdths of an octave 
Ami>litud(* variance 
\'ariance of 1 peak amplitude 
\'ariaiic(* of '1 i)ea!c amplitud(*s 
\'ariance *)f W peak ami)litudes 
Variance of -I i)eak ami)litudes 
\*ariance of 5 i)eak amplitude^ 
Variance of 1 peak frofiu(*ncy 
Variance of 2 i)eak fiecjucncies 
Variance of W i)eak freciuencies 
V ariance of t peak fre(|uencies 
Variance of T) i)eak fre(|uencies 
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The data generated from VOXCOM was analyzed using the SPSS PC -f statist!* 
cal software application. Table 3 shows the standardized nieans ( i. e. converted to z 
scores' for both groups, the language impaired child-niother dyads and the normal 
child-mother dyads representing the dependent variables. 

These means were compared across each of the four independent variables. Ex- 
pressiveness, Rate, Pause and Utterance- Based Productivity. A one-way analysis of 
variance (ANOVA» was used to compare the two groups in terms of their mean scores 
on each of the acoustic variables. Further manipulation of the data required the appli- 
cation of discriminant function analysis. 

Results : 

Results of the statistical anlaysis using a one-way analysis of variance 
lANOVA' to compare the two groups across the four acoustic variables was not 
significant. Discriminant analysis of the four acoustic variables did not produce a 
significant degree of separation between the two groups of niothers of language inipair- 
ed versus mothers of normal children I'Wilk's lambda=.81 p< .05 ^ However, predic- 
tions as to category membership based on the four acoustic variables suggest trends 
which are noteworthy. 

The discriminant procedure computes a linear composite of predictor variables 
that were used to classify children into either the normal or language impaired child 
mother dyads. The results are presented in Table 4. 

Inspection of Table 4 shows that the probability of correctly classifying a mother 
as speaking to a language inipaired versus a normal child based on the four acoustic 
variables, is 84.2%. The probability of identifying a niother speaking to a rornial 
child is 70%. The extent to which each acoustic measure contributes to the 
differentiation between the two groups is shown by the resulting discriminant 



TABLE 3 
Siandardizod Moatis 

Normal L. H. 

Expressiveness .mi ■ .mm 

PKI) V - .liiis .n:):i(> 

I'RI) i: .uHsi .()r)X 

Katf .LM16 - .11^71 

TABLE 4 
Classitication Results 

Aciual (Irnup No. of Cases Predicted Correct (ip- Metnl)ership Incorreci 

Normal 10 7 W 

70",, 

L.I). U) U) *^ 

SL*i"«, ir>.s'\, 
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coefficients for each variable, presented in Table 5. 

As shown in Table 5. the variables most associated with group differernces are 
Rate and Expressiveness. Pause -Based Productivity and Utterance- Based Productivity 
contribute in that order of importance, to further differentiating the groups. Table 3 
provides the mean scores on the four acoustic scales as a function of group membership 
for the normal child-mother dyads, and the language impaired child mcjther dyads. As 



TABLE 5 

Discriminant Function CoefVicients 



1>R1) V .21i)7fi 

PR!) I I'^l-^" 

Rate ■^^^^'< 

ICxpressiveness . 461 U 



TABLE 6 

Z Scores 

Subject Nuinher " Uou\y V\<\) V PKI) I ..-.^-'"LL^L 

1 (I .13 - .S6 ~ .71) - .01- 



u .ss 



.70 l.(>6 .'HH 

:> II .11) .t);i - .01 

.1 n l.iH .11' - -^y^ 

:> II .93 ..vi .HI .r/, 

6 i\ I.IIH ■ .01 .10 .70 

7 n (IH .27 .'2-2 .^2 
S u .S2 ..")() 2.iK^ 1.9S 
i) 0 .9S .\r2 - .Tvl .29 
1(1 I) l.-IS 3.11 .17 .76 



I 1 .06 
l! 1 M 
A 1 .11 
■I 1 ..ii* 
f, 1 - .06 

6 1 .04 

7 1 .'29 
.H I .44 

II 1 .07 

10 I .96 

11 1 -HJ 

12 1 -30 

i:; 1 .1.) 

n 1 -23 

i:» I .31 

\{\ not available 

17 I 1.67 

IH I .14 

1(1 1 1 no 

2i) I \.\9 



.S2 - .70 .59 

.12 .12 -■ .49 

.07 .42 - .r)9 

- .33 ■ .38 • .94 

.,").") 1.23 - .55 

.74 - .57 - .32 

.54 .14 -■ .02 

.67 - .IH ■ .4?< 

.2f< .04 .06 

.33 .16 ■ .22 

.77 .^*3 .25 

.33 .73 ..59 

.26 .15 .21 

..53 ..59 10 

.61 ..5H .11 

63 .on .66 

.59 .51 .55 

.{17 .55 60 

1.01 .114 n 
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TABLE 7 

Discriminant Scores ** Misclassified 

Subject Nil mbrr Classified (Jroup Highest (iroup I^robability Discriminate Sci>re 

1 •* n 1 1 .0640 

'1 (I ti ,^78?< .7780 

0 1 .S124 

1 0 0 .6710 .:iO-l9 

."> i) 0 .:).s9s i.i()k; 

6 0 0 ,9587 .6773 

7 (I 0 .799S .Tt2{\ 

0 (1 .(io(i:) :i.:u4r) 

^)** 0 1 .793(1 - .()66S 

10 (I 11 75";") .9370 



I 1 1 .7538 .0156 
1' 1 1 .2961 1.3740 

3 1 1 .5117 .9854 

4 I 1 .0443 ^.34(11 
:> 1 1 .642J .1.354 

6 1 1 .7834 .0343 

7 I 1 .67)21 .7801 

8 1 1 .8497 .5187 

9 1 1 .8878 .1882 
H) 1 1 .8335 .5.394 
11** 1 0 .8900 .7639 

12 1 1 .6(U(l .8493 

13 1 i .7:)8.1 .{r216 

II 1 1 .6898 .0699 
l.'» 1 I .(ioiri .8472 
16 nol available 

17** 1 (f .3976 1.4717) 

18 1 1 .7117 ' .698.S 

19** \ W .nol 1.4387 

20 1 I .5536 9217 

shown in Table 3. niothcrs reacIinK to their lanKuaK<'' impaired children evidenced a 

slower rate of reading than mothers of normal children, lower utterance based produc- 
tivity, hlKher pause based productivity, and depressed expressiveness. 

The discriminant scores were used to classify the subjects according to j^roup 

membership across the four acoustic scales. 



Discussion : 

Acoustic characteristics of mother's speech to normal (ir handicapped children 
have not been extensively studied. When they have been the subject of inquiry, they 
have often been described subjectively and with respect to children younger than age 
three learniuK language. The significance of the present investigation is in applying 
precise instrumentation to analysis of acoustic characteristics of mother^ speech to 
children across normal and language impaired categories after they have passed the 
traditional "motheres(»'' language learning years. 'I'he results are significant in that 
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thoy document that characteristic acoustic features of mother's speech to children per- 
sist beyond the initial language learning years and that these features may be absent or 
less pronounced in mothers speech to language impaired children, thus helping to dis- 
criminate normal from clinically diagnosed children. 

The concept of intersubjectivity as discussed by Bruner i977 , Schaffer ^1977' 
and Tre\'arthen 1979 is instructive in interpreting the results of the present study. 
These authors suggest that mothers and their children seek to achieve a degree of shar- 
ed emotional and intellectual understanding within their interactions. Intersubjecti^'ity 
may be disrupted or changed by interactions in which the mother's responsiven.ess to 
the child is compromised. Solmit and Stark '1961:-. Plmde and Brown ',1978 ' and 
others have documented the presence of negative emotional maternal responsiveness to 
their handicapped children due to a violation of maternal expectations within the inter- 
action. Depending on etiologic differences and severity of the disorder, a mourning 
process often occurs resulting in less frequent and positive mother- child interactions. 

Another factor which may affect the intersubjectivity or shared intellectual and 
emotional understanding between mothers and their language impaired children is that 
mothers of handicapped children have been observed to be generally directive in their 
interactions. For example. Jones 1980' found that mothers of Down Syndrome chil- 
dren often referred to interactive sessions as teaching sessions and considered a good 
interaction to be one in which the children had been successful instructed. In con- 
trast, mothers {)f non handicapped children considered a good interaction to be one in 
which a playful experience had been shared. MacDonald and Gillette 1988. conclude 
that there are considerable differences between the manner that mcHhers interact with 
language handicapped and I'lormally developing children and that these differences are 
not well suited for either engaging these children in interaction or promoting their 
development. Specitically, adults seem to expect a delayed child not to stay engaged in 
a given conversation. Parents often communicate rhetorically, that is. at the child 
rather than for a response, suggesting that some adults may view the function of their 
talk as being to deposit language in the child rather than to teach the child how to use 
language. Decreased responsiveness and increased maternal dominance and directive- 
ness are often the result, which ma\' have specific cognitive outcomes for the child. 

Abundant correlational research exists to suggest that maternal behavior 
influences young children's cognitive development e.g. Feshbach. 1973; Schachter, 
1979; White and Watts, 1973 -. Research linking the nature of mother child interac- 
tions to later outcomes suggests that handicapped children are less likely to tackle 
diflicult problems, show lower self images, and adopt a problem solving style character- 
ized by looking to others for solutions Zigler, 1971 ; Ilodapp. 1988 . Mahoney 1988 
suggests that the interactional characteristics, including decreased parental responsive- 
ness, he observed in mother handicapped child dyads, appear to be related to phenome- 
non that affect the child's motivation to achieve competence. These phonomenon 
include locus of control, feelings of competence, and interest level. 

Four years of age, the age of the children in the present study, is considered a 
crucial point in the development of the child in that expanded language and abstract 
reasoning skills lend to emerge a! this time Hruner. 1973 . In his study with four 
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year olds- and their mothers. Slater f 1986 • found that children whose mothers employed 
a concrete, directive, nonresponsive form of interaction, evidenced depressed scores on 
a standardized aptitude measure, as compared with children of mothers who employed 
a more responsive interaction style. Similarly. Pianta and Erickson il99().^ found that 
mother child interaction variables, including negative affect on the part of the mother, 
predicted referral for special services at 42 months and that referred children performed 
significantly more poorly on a standardized aptitude measure than non referred chil- 
dren. 

In the present study, mothers of the language impaired children showed a trend 
tovv'ard a slower rate of speech, lower verbal productivity, more pause time, and 
depressed expressiveness with their children than mothers of normal children. Based 
on related research, it appears that some of these characteristics may have important 
negative implications for developing a shared intellectual and emotional context 
between mothers and their language impaired children within which cognitive develop- 
ment is nurtured and shaped. Current understanding of prosodic features of mother's 
speech to children, specifically, exaggerated expressiveness relates to holding the atten- 
tion of the child, (jiven the lack of expressiveness in mothers speaking to their lan- 
guage impaired children identified in the current study, implications are clear for alter- 
ed attention which is the foundation for cognitive development. It appears that while 
mothers are slowing down the rate of their verbal presentation for their language 
impaired children, they may be compromising expression and hence attention and 
cognitive development, as well. 

(Jiven the present descriptive study, future investigations with larger subject 
pools and digital data collection methodology may help reduce some of the variability 
characterizing the present data set. Further, future studies may focus on correlating 
acoustic features with attentional or cognitive variables in members of communicative 
dyads under scrutiny. P'inally. the results of the present investigation add to informa- 
tion used to discriminate diagnostic categories and predict subsequent cognitive charac- 
teristics. 
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COMPREHENSION, IMITATION, AND PRODUCTION OF 
SIMPLE SENTENCES IN MENTALLY RETARDED INDIVIDUALS. 



Toshiharu Matsumoto 
Miovmn Institute of Tirlnio/o/^n- 
Takashi Furutsuka 
Hokkaido I 'nircrsity 



The purpose of this study is to iiivestiK^ite the relationships between sentence 
comprehension, sentence iniitalion. and sentence production in mentally retarded indi- 
viduals. Thirty two nientally retarded individuals, a^ed from 16 to 37 yeai's old, 
with 29 males and 3 females, were tested. In the first experiment, subjects acted out 
simple sentences usiiiK miniature toys. In the second experiment, subjects were asked 
to imitate simple sentences. In the third experiment, subjects were asked to draw an 
event on a picture about the following; "one animal chased another". The results of 
these experiments iiidicaied : I even the subjects who showed event probability strat- 
egy in stMitence compi'^-'bension tasks could use the word order in the sentence produc- 
tion tasks; '1 the subjects of the event probability strategy apply wron^ particles in 
sentence imitation tasks and sentence production tasks. 

Introduction 

Numerous attempts have been made by researchers to show problems of lan- 
KauRc learninK in mentally retarded individuals. However, comprehension and produc- 
tion were researched separatively, A few attempts have been made in terms of the 
relationships between comprehension and production. The purpose of this study is to 
investlK^ite sentence formats and assi^nn^icnl of actor patient relationships in sentence 
production task for each sentence comprehension strategy. 

Mentally retarded individuals and normal children are known to compiehend a 
simple sentence with different ways from that of adults'. Bever 1970 investiKated 
sentence comprehension of children. lindinK a semantic stratep:y at W years old. and a 
word order strategy at -1 years old. The semantic stratcKy is to comprehend a sentence 
according to the semantic constraints. The children who use the strategy could cor- 
rectly comprehend the probable sentences like "The mother pats the dog." but not the 
improbable sentences like "The doR pats the mother." The word order strategy is to 
comprehend a sentence according to the word order. The children of the word order 
strategy regard the first noun as an actor and the second noun as an object. 

In sentence comprehension of Japam^se children, the semantic strategy, the word 
order strategy, and tlie particle strategy were found Hayashibe. I97r) ; Suzuki. 1977; 
Iwalale, 1980 . Japatiese language is an sui)ject object verb 'S 0 \' language with a 
relatively free word order. The case relation is expressed by postpositional particles. 
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and the subject is marked by the particle "k^i", the object by the particle "wo". A 
form of Japanese simple sentence is 'noun particle noun -particle verb*. Since the pt)si- 
tions of "noun particle" are exchangeable, the following two sentences are acceptable, 
that is. "subject object wo verb 'S0\' " and "object wo subject ga verb ^0S\' .'/' 
Japanese children comprehend a sentence on the basis of the particles after 6 years old. 

The sentence comprehension strategies of mentally retarded individuals were 
investigated by a few studies Dewart. 1977 ; Bridges and Smith, 1984 ; Matsumoto, 
1986, 1989 . It is reported that mentally retarded individuals change the word order 
strategy for the semantic strategy between Mental Age MA - 3 years old and 4 
Dewart, 1977; Bridges and Smith. 1984 . 

Matsumoio 1986, 1989 investigated the sentence comprehension of Japanese 
mentally retarded individuals that were asked to act out a simple sentence by using 
miniatures animals toys. He found the event probability strategy the semantic strat- 
egy-, the word order strategy, and the particle strategy in the mentally retarded indi- 
viduals to be the same as in normal children. Furthermore, Matsumoto and P\irutsuka 
in press' examined the relationships between the sentence comprehension and the sen- 
tence imitation. They found that a the subject who comprehended the particles could 
correctly imitate both S0\' and 0S\' ; b some of the subjects who correctly imitated 
both SOX* and 0S\' could not comprehend the particles: c all subjects who participat- 
ed in the experiment could correctly imitate the noun and the word order of the noun ; 
d some subjects change S0\' for 0S\' in the imitation task. P>om the results they 
proposed a sentence comprehension model including two stages. In their model, at the 
first stage, the subject stores the simple sentence according to sentence formats in his 
linguistic repertoire. At the second stage, he she decides the actor patient relationship 
on the basis of a linguistic cue. The subjects having SOV and 0S\' formats can cor- 
rectly store the sentences, and some of them use the particles for sentence comprehen- 
sion. However some of them can not. Since the subjects having the S0\' format 
alone miss the particles in the 0S\' sentences, they can not understand the 0S\' sen- 
tences. Some of them use the cue of the word order in sentence comprehension, and 
others comprehend the sentences on the basis of semantic constraints. The subjects 
who acquire neither the SOX* format nor the 0S\* formal can not use the cue of the 
particles in the comprehensif)n tasks. Most of them comprehend the sentences accord- 
ing to semantic constraints. 

In a similar way. the process of sentence production can be regarded as contain- 
ing two stages, the sclleclion of a specific sentence format, and the assignment of an 
actor patient relationship to the sentence format. In this sentence production experi- 
ment, the task is to describe the event that one animal chases another animal. The 
subject must understand the actor patient relaticmships of the event, pn--;- * .g it in a 
sentence some way. How do mentally retarded individuals represent the actor patient 
relationship? What format do they use in sentence production tasks? 

As mentioned in the above, the purpose here is to explore the relationships 
l)(»lw(vn sentence comprehension, sentence imitation, and sentence production in men- 
tally retarded individuals. In the sentence comprehension experiment, the sentence 
comprehension slral(»gy is idenlilied. In the sentence imitation experiment, the 
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responses are analysed in terms of the sentence format. In the sentence production 
experiment the sentence format and assignments of actor patient relationships to word 
order are in\'estigated. 

Experiment I 

Si^hjcris. The subjects were 32 mentally retarded individuals '29 males and 3 females.', 
from a mental retardation institution in Sapporo City. Their chronological ages 'CAs- 
ranged from 16 : 5 to 37 : 2 years mean "26 : U their MAs assessed by Suzuki Binet 
hitelligence test ranged from 3; 2 to 11: 11 -mean-6: 4', and their Intelligence Quo- 
tient IQ" ranged from 20 to 74 mean ™ 41 \ 

Matcriah, There were two variables in sentences: I' sentence type - Subject Object 
Verb vSOV \ or 0S\' • ; 2' semantic constraints - neutral, probable, or improbable -. 
The cotnbination of the two variables yielded six conditions. For each condition, four 
sentences were made. 

The sentences used in this test were : 



Probable and S0\' sentences 

raion lion' ga buta ^ pig ■ wo tsukamaeru ^ chases; ^The lion chases the pig', 

raion ga hituji wo tsukamaeru < The lion chases the sheep ». 

tora ga buta wo tsukamaeru > The tiger chases the pig\ 

tora ga hitsuji wo tsukamaeru The tiger chases the sheep . 
Probable and ()S\' sentences 

buta v;o raion ga tsukamaeru > The lion chases the pig 

hitsuji wo raion ga tsukamaeru • The lion chases the sheep . 

buta wo tora ga tsukamaeru The tiger chases the pig . 

hitsuji wo tora ga tsukamaeru The tiger chases the pig'. 
Improbable and S0\' sentences 

buta ga raion wo tsukamaeru ' The pig chases the lion > 

hitsuji ga raion wo tsukamaeru ^ The sheep chases the lion . 

buta ga tora wo tsukamaeru The pig chases the tiger '. 

hitsuji ga tora wo tsukamaeru The pig chases the tiger . 
Improixible and ()S\' sentences 

raion wo buta ga tsukamaeru The pig chases the lioir 

raion wo hitsuji ga tsukamaeru * The sheep chases the lion 

tora wo buta ga tsukamaeru The pig chases the tiger . 

tora wo hitsuji ga tsukan\aeru - The pig chases the tiger . 
Neutral and S()V sentences 

raion ga tora wo tsukamaeru 'The tiger chases the lion . 

tora ga raion wo tsukamaeru The lion chases the tiger . 

buta ga hitsuji wo tsukamaeru ^ The pig chases the sheep . 

hitsuji ga buta wo tsukamaeru 'The sheep chases the |)ig . 
Neutral and S()\' sentences 



tora wo raion isukamaeru The U^ov chases the lion . 
raion wo tora ga tsukamaeiu The lion chases the tiger . 
hitsuji wo buta ga tsukamaeru The pig chases the sheep . 
buta wo hitsuji ga tsukamaeru The sheep chases the pig . 

The order of the presentations of sentences was pre randonii^^ed. 

The miniature toys ci)rresponding to the nouns in the sentence were provided. 
Proa (In n\ To identify the sentence comprehension strategy were applied the tests used 
by Matsunioto U)S6 . The subjects were individually tested in a quiet room in the 
institution. At the beginning the subject were asked to name the miniatures or to point 
to the one called by the experimenter. Most of the subjects could correctly name or 
point to the toys. If a subject could neither name nor point, a few practices were given 
to the subject. Instruction in trails is as follows: "The tape recorder speaks a sen- 
tence. Listen carefully and act out the sentence by using these miniatures." If the 
subject couldn't understand the re(iuirement of the task, some practice was given. At 
first in a trial, the experimenter sets up vertically an untransparent board and a trans- 
parent board in fron^ of the subjects and place four miniature animals toys behind the 
boards. Then the experimenter removes the untransparent board and switches on the 
tape recorder to say a sentence. The transparent board on the table prevents the sub- 
ject from operating miniature toys during the presentation of a sentence. After the 
presentation of a sentence, the experimenter takes away the transparent board and 
urged the subject to act out the sentence. The subject's responses were recorded with a 
\'ideo tape recorder. 



The effects of the event probability, the word order, and the particle on the 
response were analyzed to identify the sentence comprehension strategy for each sub- 
ject. The effect of the event probabilit\ was \alued by the number of responses in 
which a strong animal Hon or tiger chases a weak animal sheep or pig . If the 
number of the response was beyond 12 in the 16 trials in which probable and improb- 
able sentences were presented, the subject was identified to use the event probability 
slrati'gy. The effect of the word order was valued by the number of the responses 
indicating that an animal of expressed by the first noun chases an animal expressed by 
the second noun. If the number of the responses was beyond IS. the subject was recog- 
nized as using the word order strategy. The effect {)f the particles was valued by the 
number of the correct ri^sponses If a subject could C{)rrectly act out the sentence 
according to the particles on more than IS trials, the sul)ject was recognized as using 
the particle strategy. In the responses, an aninial of the n(ain marked by **ga" chases 
an animal of the noun marked by "wo". 

The number of the subjects for each comprehension strategy is shown in Table 1. 
lught subjects use the event probability strategy. 8 subjects the word order strategy, 
and () subjects the particle strategy. Ten sui)jecis were not classified into any strat- 
egies. 
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Experiment 11 

Mefhikl 

Si(bkrfti, The subjects were the same as Plxperiment I. 
Material. The sentences were the sanie as Experiment I. 

Procedure, The subjects were individually tested at the same room in Experiment L 

The subjects were asked to imitate the sentence that the experimenter had called. 
In the training session, three sentences were presented : **boku watasi no uthi i.My 
house-**, "uma ha ookii 'The horse is big^**. "Bokura watasitachi ha yoru neru ^We 
sleep at night The sentences in this experiment were presented with pre randomized 
order thrcnigh a tape recorder. 

Results 

Presented in Figure 1 are the percentages of correct responses for event probabil- 
ity strategy group, the word order strategy grt)up. and the particle strategy group. 
The coirect response is that a subject correctly imitates all words including the parti- 
cles. The analysis of variance >. ANOVA^ with respect to the number of correct 
response indicates that the difference between the groups is significant v P^2, 21 ■ =8.55. 
P'- .01 . Thus Multiple Range Test of Scheffe was done, indicating that the number of 
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correct responses in the particle strategy group is significantly superior to both that in 
the event probability group and that in the word order group (p< ,05;. 

The sentences in the responses were classified into three types: S0\', OSW and 
OTHERS, The percentages of SOV. OSV, and OTHERS are shown in Figure 2, The 
differences between the sentence comprehension strategy groups were analyzed with 
AXOVA for each type of sentence. The analyses indicate that the difference of OSV 
between the sentence comprehension strategy groups is significant 21 ) ^6,76. 
p< ,01.', Then Multiple Range Test of Scheffe was done, displaying that the number of 
OSV in the particle strategy group is significantly superior to that in the other groups 
ip<,Or). No significant difference between the sentence comprehension strategy 
groups was found with respect to SOV and OTHERS, Although the differences 
between the particles strategy group and other groups are very large about SOV. the 
difference is not significant. 

In addition to these analyses, the predominant sentence formats were identified 
for each subject. If the number of a specified type of sentence was beyond 2 '3 of the 
responses in a subject, it was judged to be the predominant format of the subject. If 
the number of a specified type of sentence was under 2/3 of the responses in a subject, 
the subject was judged to have more than two formats. In the subjects, the format 
theit appears beyond 8 trials seemed to be his her predominant formats. The predomi- 
nant formats for each subject were shown in Table 1, 
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FIGURE 1 Tlu' ptMViMUa^o <>f cotrivt iniitJition for rach soiUoticr coniprcluMisioii 
strato^^y. 
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FIGURE 2 TIk' pm-emaKo of SOW C)S\'. ami others in response of sentence imi- 
tatinn tasks. 

Experiment III 

SNhhrls, The subjects wcvc the same as Kxperiment I and II. 

Mate rill h. Twenty four cards, on which there was a picture that showed one aninial 
chaseinK an other aninial. were presented to the subjects. These animals were a lion, a 
tiKor, a pi^. and a sheep. There were six ways in pairing? the animals : a lion and a 
tiger, a lion and a pig, a lion and a sheep, a tiger and a pig. a tiger and a sheep, a pig 
and a sheep. For each pair four cards were made. On the first card is a picture show- 
ing that an animal A on the right hand side chases another animal <B' on the left 
hand side, second. B on the right hand side chases A on the left hand side, third. A on 
left hand side chases B on right hand side, fourth, that B on left hand side chases A on 
right hand side. 

l^nK'n/nn. Thv room for the test is the same as in Kxperiment I. The experimenter 
sits in front of the subject. After the naming task of the animals, subjects were in- 
structed as follows: "1 will show you a picture in which an animal chases another 
animal. Would you describe the picture." While the subject was responding, the card 
was presented. The 24 cards were given in pre ratulotn order. 

hVsn/fs 

In the resi)o!ise. misnamings were found at six percent of the trials. No subject 
misnamed the animals in more than a half of the trials. Since misnamings seem to be 
triggered by carelessness, we eliminated the errors from our analysis. 

We scored the figure of responses telling that the actor patient relationship was 
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C(»rrcrtly dcsci il)c*ci by usiiiK tlio particles. "K'I " 'incl ^'wo". Mk- showed ihe percent- 
aj^e of the correct response for each strategy grouo. 'l*he differences between the sen- 
tence comprehension strategy groups were analyzed with ANOVA, The analysis indi- 
cates that the difference between sentence comprehension strategy groups is significant 

F 2,21 8.:V2 I)'- ,1)1 . Thus Multiple Range Test of Scheffe was done, displaying 
that the number of correct production in the particle strategy group is significantly 
superior to that in the other groups p*^ .()."> . 

The assignment of the actoi' patient relationship to word ordei* was scored for 
each of the subjects. The assignment of the actor i)atient relationship to word order 
was that the actor was assigned to the first noun and the patient was second noun. For 
example, when the subject had seen a picture where a sheep chases a pig, he she 
describes the sentence as **hitsuji a sheep particle buta a pig' particle tsukamaeru 

chase ■". If the number of the assignments for a subject was significantly superior to a 
chance level, the subject was identified as using the assignments predominantly. The 
percentage of the subjects using the assignment for each sentence comprehension strat- 
egy can be seen in Fig. I : 7.")% for event probability strategy; iyA% for word order 
strategy; 8.'V.\, for particle strategy. There is no siginficant difference among the sen- 
tence comprehension sti ategy groups. 

The sentences of the responses were classified in teiin of the sentence formats 

Fig. f) . The differences between the sentence comprehension strategy groups were 
analyzed with A NOV A for each type of sentence. No significant difference was found 
because ttie variations among the subjects weie too large. The differences between 
S0\', ()S\', and OTIIFRS were analyzed in the same way for each sentence compre- 
hension strategy group. For the particle sentence comprehension strategy group, the 
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FIGURE 3 I he pen t ntiiKi- i«»nt i t pi <>(lui t mn. 
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FIGURE 4 IVrcfiita^cs of the subjt'Cis who assign, the actor paticiu ivlatit)nshi|>> 
to woicl orcitT. 
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FIGURE 5 l\M(*(Mitav^»' of SOW OSW and otht'ts in sctitcnct' innductioti task> 

main vWiXi of scmiIcmkc* formats was found V 2M 10.17. .01 . Tho \hillipk» 
Katij^o Ti'sl of Schoffo clisplayod thai the inimhiM' of S()\' was sij^nificanlly superior to 
both that of ()S\' and that of OTllKRS p- .O.') . 
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The sentence formats that are predominantly used in the responses are identified 
in the same way as in Experiment II. The predominant formats for each subject are 
presented in Table 1. Half of the event probability strategy Rfoup and the word order 
strategy group use neither S0\' nor 0S\' formats in sentence production tasks, misus- 
ing the particles. The particle strategy group, on the other hand, correctly use the 
S0\' or 0S\' formats. 

Discussion 

The result of the sentence imitation experiment is similar to that of Matsumoto 
and Furutsuka - in press . The subjects of the particle strategy group could correctly 
imitate both S0\' and OSV. Many subjects of the event probability strategy group and 
the word order strategy group could not imitate the 0S\'. There is no difference 
between the event probability strategy group and the word order strategy group with 
respect to the sentence format. 

The results of the sentence production tasks indicated that the subjects of the 
particle strategy group describe the event according to the sentences which include 
particle "ga" and "wo'\ The majority of the correct productions were SOV, and only 
a subject of the particle strategy group represents the event by using 0S\'. It is pos- 
sible to built the two explanations for the reason that many subjects used the S0\' 
format. First, the instruction, in which the experimenter presents the SON' formats as 
the model, leads to the usage of S0\', Seci-nd, the S0\' is a canonical sentence in 
Japanese, and the subject is more familiar to the S0\' formats than 0S\' formats. 

A few researchers ' Hakuta. 1972; Chapman and Miller, 1975; Goto, 1989- stud- 
ied the relationships between sentence comprehension and sentence production. Chap- 
man and Miller 1975^ suggested that the production precede the comprehension. (k)to 
1989' found that the usage of the particle in production task pn^cedes the comprehen- 
sion of particles in Japanese normal children. In the present study some subjects of the 
word order strategy, who could not understand the particles in the sentence comprehen- 
sion tasks, described the event on the picture by using the SOV format, which includes 
the particles. Taking into account the development of the sentence comprehension 
strategy Ilayashibe. 197r) , it was obvious that the comprehension of the particles fol- 
lows the utili;iation of particles in production in mentally retarded individuals. 

We found the interesting fact in the assignment of the actor patient relationship 
to the word order. The majority of the event probability groups, who cannot use the 
cue of word order in the sentence comprehension tasks, could assign the actor patient 
relationship to word order in the sentence production tasks. In short, as for word 
order the production precedes the comprehension. No differences were found in the 
assignment between sentence comprehension strategy groups. 

On the other hand, there are enormous differences of the sentence formats 
between the sentence comprehension strategy groups. In the event probability strategy 
group and the word order strategy group, nearly a half of the responses are other for- 
mats, which include the linguistically incorrect sentences. The differences of correct 
responses among sentence comprehension strategy in the sentence production tasks 
resulted from the differences of the sentence formats, which each sentence comprehen- 
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In 1982. the first author bewail to conduct on an intervention program for disabled 
children including: autism and mentally retarded children aged from two, at Research 
and Clinical Center for Child Development in Hokkaido University < The program will 
be referred to RCCCD programs Their mothers also participated in this program. 
Since the children were so young, some children in a "gray zone", not yet clearly 
identified as disabled, were included. As a result, some of them were proved not to be 
"disabled". These experiences helped us to understand the development of children 
with disabilities as well as normal children. Especially, we have learned the more 
sophisticated and more detailed processes of development. Based on these experiences, 
we identified four propositions regarding early intervention programs. 

Proposition 1. Enriched Environmental Stimulation 

No parents expect their child to be born with disabilities. Thus, the facts that 
an infant has any delay in development impacts on the parents seriously. U also has 
Impacts on the parent s stability of mind. Sometimes, it takes several years until they 
can accept the reality that their infant was born with disability. During these periods, 
they may not be able to provide enough care for him, especially providing adecjuate 
environmental stimulation such as emotional, cognitive and social stinuili. Stern 
■198.')' stated that in order to provide enough interactions with their infant, the care- 
givers need to have stability of mind and a feeling of happiness about their life. The 
caregivers of the children with disabilities also must keep these status of mind on care- 
giving, even if they are beginning to be aware and anxious that their infants has dis- 
ability. Ai this age before two, it is important for parents to decide that caregiving 
for the infant is the primary concern, and solving their own problems i.e. denial, grief 
or despair is a secondary i^robleni. 

(Generally, parents need to have some visible evidetices to accept the disabilities 

This rcptirt was uriUcti wIumi tlu" (irst author >\)vn{ his sahl>atiral leave in INutlaiul Slate 
I'tiivcNty. OrcKnn. V A. I thank Drs. Kuth Kalro. jorl Aritk aiul David Knifi. for discus- 
si(»ns abt)ut the iiitervetit ioti (leMTibi»d iti the i)aper. I also thai\k all llie eulksiKues in I'Sf 
whose ki!i(le-s made my sia\ a fiuitful and a inemoiahle otie 
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nf ilic infant. In the I'asos of cerebral palsy and Dcjwn's syndrome, parents can realize 
and aeeepi the child's disability at an early age, since these disabilities are evident. On 
tfu- tiilier hand, the |)arents. who have an infant with autism or mental retardation, 
m.i\ take a Ionizer time to accept the disability and to discuss how to change their 
situation for better development. One day. they focus the facts of development and 
ncvilrt the delay. Another day, they iind the facts of disabilities and worry about them. 
Tlie more supportive evidences o( his normal development they have, the more time is 
needed to acce[)t their infant's disabilities. According to Furutsuka's InvcMitory of Par- 
rn\^ wh(» had an infant with disabilities, most found some delays in sensory motor and 
emotional (li'Vrloi)miMits at the age of six months. Thirty five percent of parents repor- 
ted that thi*y had some evidences of disabilities by one and half years old. Most par- 
I'tiis ^lill have a hard time accei)ting these facts. It usually takes around three years 
attet the birth of the child for their parents io reach a point of acceptance and readi- 
ness tt) discuss the i)referred methods of parenting. During this period, the study at the 
kCCX'D indicated that i)arents t(>ok the fi)lh>wing three major attitudes in parenting 
ht'basior I'urutsuka et al. \W^ . 

1 Inappropriate Emotional Interaction 

There \va> less ai)proi)riate emotional interaction between the parents and infants 
with (li^abililii's. Although there was interaction, they interacted in an inappropriate 
tnannei . ^nch as negative or neutral emotional expressiijn to the int'ant's positive emo- 
tmnnl activity i, e. smiling to mother. These attitudes may exacerbate delay of 
d<"Velopnient. 

In nrdc! to change these attitudes, the KCCCI) program offered counselling for 
the parents, toeu^ing on their own problems such as their distress. However, the 
i hangi' of their attitudes was impc^ssible without any change in development of their 
cliikl Ha^'d on thi> i)roblem. the program focused on the facilitating the development 
ot their child. Therefore the i>rogram was designed to counsel parents regarding prob- 
It'Mi^ in i)arenting their child. 

Tu facilitate their infant's development of emotion, as well as cognitive develop- 
tnmt. it is a critical factor for the parents to have stability in their own emotii)ns and 
ri'.sl)on>iviMiess. Si)ecilically, it is necessary to provide consistent emotional respinise to 
specific child behavior, because the infant learns and socializes his emotional expression 
throujjh the interaction with his i)arents. especially during the first two or three years 
Ml hie. Fo' -xample, we found that one autistic child had a tendency to smile when 
^hi- teh some anxiety, and to show aggressive behavior i.e. punching or pushing to 
t)thers a> a greeting "nice to meet you" . Therefore, it is imi)ortant for the parents 
i«> understand their infant's emotion correctly, in spite of the peculiar expressii)n, and 
then, to modify them to socially acceptable expresssion. Consequently, the parents 
lu-cd to provide various emotional ex|)ressions consistently and continuously, in their 
intet action with their infant. Researches of social referency reported that the infant 
(k-ci(le> the ap|>r()priate emotion for a particular context through reference to his par- 
mi^' tmotioi^ Camj)os and Sterberg, 1981 . 
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2 Inappropriate Demands 

When parents feel anxiety over the disabilities of their infant, they tei^d to give 
developmenially inappropriate demands. Specifically, the demand is ion easy or too 
diflicult for the child to perform. 

1'hese parental attitudes were called "ambivalent type", either "overprotective" 
or "constant punishment or correction**. Both attitudes suppress the infant s develop- 
ments. 

When given too easy demands, the infant has less motivation to do any task, 
which delays his development, especially in self-help activities. On the other hand, 
when the parents give too difficult demands or tasks, the child cannot accomplish their 
demand. As he fails, parents punish or C(vrect his activities and then to the parent 
becoming angry. From the parental point of view, there is sufficient reason for punish- 
ment. At the point of children, punishment occurred because the parent gave too 
difficult demands. It leads the infant to feel helplessness and apathy, or to exhibit 
aggressive or self injurious behavior. As it were, the parent and the infant have some 
reasons to justify their behavior. Ideally, the demand should be set a little higher than 
the infant's current developmental level, which infancy indentified as "optimal discrep- 
ancy hypotheses" in setting these demand t Kagan et al.. 1978). 

3 Ignorance, refusal, or Exaggerative Response and Deprivation; 

Parents' anxiety of havi. j a disabled infant causes another response, ignorance, 
refusal or exaggerative response. Therefore, the infant cannot receive or obtain any 
consistent response to his specific behavior, so he can not associate his behavior with 
his parent's response. Lack of contingency causes no learning. The parent's consistent 
response to infant's specific behavior is an essential factor for cognitive development. 
These three major attitudes can deprive sensory, social and cognitive stimulations from 
the infant with disabilities, especially, under one year old. 

hi order to avoid these deprivation, it is important to follow three stages of the 
ideal course of parents infant interaction: l the parents imitate or follow the infant's 
behavior. 2 they modify these imitation, to highlight specific parts of task, and to 
elaborate new skills in the chains of reciprocal behaviors, and 3 the parents lead the 
infant to understand how to think, what is important, and what style of expression is 
socially acceptable. 

These conditions are indispensable for the development of the children with dis- 
abilities. Through our intervention programs, it was found that the development ot 
disabled children is facilitated most effectively by these methods. Also, this method 
can be most effective when the infant interacts with the the person whom he regards as 
a secure base mother, father or grandmothers 

Under normal development, infants make attachment to a specific person, and 
fear strangers at around a year old. In othei' words, he selects the caiegiver as the 
reference of his behavior, especially social behavior. For example, when he cannot 
decide how to behave, he imitates the behavior of this attached person. As it were, he 
can interact, at an appropriate developmental level, with only this specilic person, but 
with the other persons he can not interact appropriately, because stangers do not 
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iX'hcTvo specifically acct)rdinK to his specific expectation. As result, he feels anxiety 
toward a stranKer as called months anxiety or 12 months anxiety" \Spitz, 1950'. 
Hut it is important to understand that this behavior is brouKht not by his fear or anxi- 
ety but by discrepancy of his expectancy. \Vc found that disabled children niakiuK 
attachments to specific persons more strongly than normal infants. Since their 
flexibility of behavior is restricted, the separation from the attached person caused 
more severe behavioral dysfunctions. 

After children with disabilities have acquired the attachment person, only the 
attached person can use behaviors '.praise, scold = as social reinforcements. 

In summary, to use these methods effectively, it is too late to begin intervention 
after parents accept the fact of their infant's disabilities. Even if during they are still 
uncertain and confused, the improvement of the interaction between parents and infant 
must be started. 

Proposition 2 : Plasticity of Brain and Constraints of Environmer.tal Stimulation 
on Development 

In U).36. Kennard studied the effects of resections of motor cortexes of rhesus 
monkey on their behaviors. A monkey who was sectioned early, recovered to walk 
and feed ])y himself. On the other hand, a monkey thai was damaged after adulthood 
did not recover to walk. This phenomenon is called "sparing". Namely, the repair of 
neuronal function occurs when the brain is injured early in life, but when injured later, 
they can not recover the function. Also, it is well knovv'n that some children with dam- 
age in the left temporal language area showed recovery of language function. 
Researchers have reported that patients whose brain \\'as demaged in childhood showed 
the recovery on various kinds of functions. The "sparing" has been identified as the 
"Kennard Principle" Kennard, H)!i8-. 

The basic assumption of the Kennard Principle is that all areas of the brain have 
functional ecjui valence, which is changeable to the center of any function when young, 
and exercise makes the localization of some function ^e. g. language*. Therefore, if 
the damage occurs before localization is determined, the neighboring areas or another 
hemispheric areas which correspond to the damaged area substitute this damaged func- 
tion. If this principle is correct, persons who concern the children with disabilities 
parents, teachers and others' can hope for the recovery of children with disabilities. 

After the decade of the 7()'s, it became evident that the Kennai'd Principle has 
many restrictions. New trends of research developed a theory of the "plasticity of the 
brain". 'IMie ''plasticity of the brain" means that brain have self repairing functions 
and can construct new neuronal circuits if innate ciicuits were damaged. Being 
different from the "Kennard principle", plasticity has the restriction which is called the 
"critical period". 

Researchers made experiments to answer the following (juestions. "y\fter bi'ain 
damage, under what C(>nditions does the reconstruction of neuronal circuits occur? If 
no repair, why did it not occur?." 

Se\"eral studies found that localization of various functions occurred at different 
ages, including the period of fetal development. For example, the localization of visual 
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function starts aftor birth and continues until one year old. On the other hand, Ian- 
KuaRe function has the plasticity until adolescence. When the damage occurred in the 
period before or during locali^iation. the recovery of function can be possible. How- 
ever, if localization is over, no recovery was expected. This sensitive period is defined 
as the "critical period". During this period, the organism needs inputs from external 
environment by which the neuronal circuits become complex and sophisticated. If dep- 
rivation of inputs occurs at this period, the neuronal circuits are in insufficient and in- 
appropriate states. 

According to the well known findings of Hubel and Wiesel '1970), the principle 
of a "critical period" has the validity in the domain of sensory and dissociative sensory 
cortex. They reported that when one eye of a kitten was closed off for several weeks, 
the receiving cells in the visual cortex did not develop appropriately. Atkinson and 
Braddick 1988' also reported that the unused eye of the children with strabismus 
became weaksight, but when the used eye was shut with an eye patch, they began to 
use the previously unused eye. As a result, visual acuity of the unused eye increased. 
However, when the eye patch was remo\'ed and the child use both eyes, the unused 
eye's acuity weakened again. In another words, the neuronal circuits which had been 
made in the critical period have better stability than those which were made after the 
critical period. 

According to the definition of '*the critical period", the environmental stimuli 
which were needed to make neuronal circuits for specitic function, and the period when 
these stimuli were needed is determined innately. However, the complexity and sophis- 
tication of those circuits are operable through manipulating the quantity and quality of 
inputs. Disabled children have some difficulties in constructing neuronal circuits 'i.e. 
difficulties in learning and difficulties in processing sensory input These data regard- 
ing the "plasticity of the brairi" indicate that there is a need to facilitate the develop- 
ment of neuronal circuits in disabled children. 

For example, the sucking reflex of the infant, ordinally, works only by stimuha- 
ing mouth, lips or cheeks. Through exercise, he becomes good at sucking skills, and 
associates other stimuli that occurred contingently with a sucking, such as mother's 
face, smiling, and vocal sounds. This process is learning. There is a need to change 
from innate neuronal circuits to more adaptive circuits. 

Children with disabilities also show some normal construction of the neuronal 
circuits along the above mentioned course. Howcwer, different from normal children, 
they have some problems. So. parents of children with disabilities need to intervene in 
the following two domains. Intervention is needed to repair the damaged rellex and to 
strengthen the reflex circuit that is, n^pnir of innate circuits . Intervention als.i need- 
ed to assist th(^ infant to receive sensory stimuli correctly. Disabled children, especially 
autistic children have the tendency to avert overstimulation or affective stimuli. Par- 
ents should understand this is not an aversion of themselves but the results of the 
dysfunction of neuronal circuits for sensory information processing. 

If they interpret the behavior of the child as aversion to them, parents will not 
interact with their infants. I^ut understanding th(^ behavior as resulting from oV(M- 
stimulation, they can str(Migthen sensory processing with interactions at the appropriate 
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level of stimulation. 

According to the studies of development, various kinds of functions have critical 
periods within the first two years. Each function needs specific experimental stimuli to 
construct its own neuronal circuit. These needs cause difiiiculty in intervention. Along 
with understanding these needs, professionals, and parents too, must work to facilitate 
these children's development with effort and endurance. 

Propositon 3 : Difficulty of Motivation 

The most difiicult problem in rearing children with disabilities is to motivate 
them to do tasks. In most cases, although the caregivers give stimulation (tactile, 
auditory (;r visual - to their infant, he shows no interest or avoids the stimulation. 
However, stimulation is indispensable to the development of children with disabilities. 
In order to maintain sensory stimulation, the caregiver usually needs feedback from the 
child, such as smiling or getting his attention. Usually, if caregioers guess that the 
child has not an interest, they try to give another stimuli to motivate him. However, 
they often receive no feedback from the child with disabilities, so finally they feel that 
their devoted efforts are fruitless. As a result, they abandon giving sensory stimula- 
tion. 

In additon to their lack of responsiveness to sensory stimulation, children with 
disabilities generally have a tendency to be unresponsive to any task. Consequently, 
there is doubt as to whether there is impairement in their mechanism of motivations. 

Theoretically, "motivation" or "drive" means the mental condition in which an 
organism feels absence {)f something needed or desirable, and is searching for satisfac- 
tion - Hebb. 1972 . 

The mechanism of motivation consists of tw(^ subsystems. One is the arousal 
system and another is th(^ limbic system. The arousal system supports the cortical 
process, like gas for a car. On the other hand, the limbic system is regarded as the 
centers of the motives 'the center of hunger and satiation is in the hypothalamus, and 
the center of emotion such as fear and pleasure is in the limbic system 

Als 1982 recorded the infant ni(»ther interaction with \'CR and studied 
differences in the interaction among normal, severely mentally retarded, and blind 
infants. 

hi the ease of normal infants, the interaction occurred appropriately. For exam- 
ple, when the mother did something, the baby gazed at the mother, and also, when the 
baby vocalized, moved or did something, the mother stayed still to receive feedback 
information from her baby. Sometimes they laughed together. 

T\\v blind infant and his mother, they could not interact appropriately f(»r the 
first f(»w weeks, howevei" with intervention to the mother (M1 Ikjw t(j give auditory stim- 
ulation instead of visual stimulation. Their interaeti(Mi became better after one month 
or so. In this ease, in spite of knowing her infant's blitidness, the mother needed more 
than one month to change her parenting bi»haviors. 

On the other hand, the interaction between the mother and infant with sev(M'e 
disabilities was inappropriate from the first time and the mother soon stopped the inter- 
act ion. saying that she eoukl not endure any more. The disabled infant showed over 
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excitement 'crying' with a little stimulation from the mother or he couldn't shift his 
level of arousal or activation appropriately to the mothers stimulation. Usually, when 
infants show over exicitation. mothers need to soothe them. However this mother did 
not know how to soothe her infant. His range of activation was so limited that even a 
little stimulation became out of range. 

Stern ■ 1985'- said that infants before two months old need to learn "physiological 
regulation" with the help of their caregivers. The disabled infant also needs to acquire 
this ability. In order to acquire this regulation, the caregiver must learn how to stimu- 
late and how to soothe her baby, specifically. 

The method of maintaining appropriate level of arousal is as follows: when the 
infant with disability has a tendency of over activation, there is a need to give brief 
stimulation and stop before over activation. Even if he averts and withdraws from the 
stimulation for the first time, we must repeat stimulation and make him endure it. 
Finally he comes to anticipate stimulation. 

On the other hand, when he shows no respon^"\ there is a need to increase the 
level of intensity and find the appropriate intensity, tnen maintain it. After the expec- 
tation of stimulation is confirmed, the caregivers can decrease or increase the level of 
intensity of the stimulations to extend the range of appropriate level of activation. 
After acquiring stability of activation level, the infant is given an interactive task. 
For example, in playing "peek a boo", the caregivers initiate the play, and wait for 
the infant's response. Even if they receive no response, they must repeat this over ten 
times everyday. In order to understand what happens and what result is obtained, the 
disabled infant usually needs several sessions of exercises. After the experience of the 
whole process of the play, he starts to respond with smiles and cooing. Having under- 
stood the play, he likes the tremendous repetitions. 

However, the caregivers usually express dissatisfaction about these tremendous 
repetitions. Since the disabled infant is making the neuronal circuits of this task 
through exercise, the caregivers need to endure the inexhaustible repetitions and wait 
for habituation to occur. When the infant expects or anticipates the desired result and 
he has the will to acquire the desire, it is said that he is now in a state of being 
motivated. It is important to understand that learning leads to motivation. 

Especially in caregiving for infants with disiibilities. caregivers should have the 
attitudes to make their infant to learn motivations, rather than they search for their 
infants motives interests , when their interactions are not appropriate. 

Propositon 4: Intervention Program for Children With Disabilities 

The child with disabilities is ready to challenge tasks which facilitate his 
cognitive development when he is around two years old. 

Usually he responds to the cognitive tasks in the following manner: a* He can 
not understand the situation and how to respond, so he seems to be inattentive or to act 
on the objects with already accjuired skills; b his attention is easy to distract by 
other stimuli, including reinforcing stimuli ; c ■ he can not focus attention on the task 
relevant features of the stimuli; or d he can not imagine what happened when the 
results are obtained. Namely, he can not understand the meaning of reinforcement. 
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In spite of those behaviors, he must acquire the attitude to solve the problems. 
In order to achieve this attitude, a 5 minute lesson by care^'ivers is developed and 
presented once a day at a certain time. It is important to do it only for five minutes. 
.Also it is important that the infant has a right to stop the lesson less than five minutes 
if he wants. Usually, he is able to endure for 5 minutes, after several repetitions of the 
lesson. 

The strategies of this lesson are as follows; the caregiver repeatedly shows a 
whole process of a task by modeling procedures. At first, it is important not to use 
reinforcement. Since the stimukis on the reinforcement distracts his attention. The 
best way is to use a peer as a task solver model. After seeing the whole process 
repeatedly, he is able to understand the process as a whole, especially what happens 
when the problem is solved. 

As the disabled infant becomes interested .or motivated' in this situation, he 
starts solving the task by himself. At this stage, any activity needs to be reinforced. 
Also, the method of "shaping" should be introduced. It is important that he sticceeds 
with 100% probability in order to keep his motivation. By decreasing the ''shaping", 
the caregivers assure that the infant is able to perform the task thoroughly by himself. 
Then, the caregivers start to delay the presentation of stimulus or their response, in 
order to facilitate his expectancy and demanding behavior. 

Based on our experiences in this intervention, this method seems to be effective. 
Theoretically, there are three principles to support this method: contingency, develop- 
ment secjuence, and self esteem. 

1 Contingency as a Base of Learing. 

Watson and Ramey < 1969 ' reported that when two month old infants experience 
the contingency in the some activity moving head with the stimulus 'display move- 
ments , they showed an interest on this association and responded with emotional 
behavior such as smiling and cooing . Consequently, they understand the contingency 
{)f their behavior and stimulation. Many researchers think this understanding of contin- 
gency as the base of learning. The understanding of contingency begins with between 
motor activity and stimulus, between two external objects, and finally, between internal 
representations. It is called as "the association of ideas". At the middle of the second 
year, the normal children ustially begin to imagine or represent things in their minds, 
and they can use signs and symbols. As a result symbolic play and langtiage usage 
become possible for them. 

Although disabled infants understand this contingency, they need external stimuli 
in constructing contingency. They tisuidly have the weakness in representing things in 
mind. In order to overcome this deficits, the techtiicjue of delayed response is 
introduced. The disabled children showed still difiiculty to make representation and to 
keep it in their minds for a long time. 

This is the restriction of the disabled children. However, "they can feel happy 
when they understand the contingency". 
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2 The Problems to Sequencing the Tasks for Facilitation of Development 

The children with disabilities begin to enjoy the solutions of cognitive tasks. 
Next stage is to determine the sequence of tasks which are most effective to facilitate 
their development specifically. 

This method is called "developmental milestones hypotheses". According to 
experiences in this intervention program, there is no evidence about what kinds of 
tasks is needed to arrive at the next milestone. As discussed in proposition 2. the 
children must learn many kinds of tasks simultaneously. 

Hunt 1987 J reviewed the effects of early experience on development. His con- 
clusion is as follows, 

"77/c' effecls of experience on the rate of early psychological development and the 
specific relationships betiveen kinds of experience and kinds of developmental advance 
has been confinned,'^ Hunt, 1987 p. 44 \ 

He selected 6 subscales from Uzgiris Hunt ordinary scale (the OBJECT PERMA- 
XENX'E. MEAN'S ENDS. (GESTURAL IMITATION, AND VOCAL IMITATION SCALES \ The 
specific experiences which correspond to each subscale facilitate specific development 
but no general development. Also. WachsvT987 5 presented the "BEAM MODEL". He 
noted : 

'VI few environmental factors -J, c, co>iti>igency^> have grobal effects on most 
development patterns for most children at most ages. The great majority of environ- 
mental factors are highly specific in their action patterns. They have the three compo- 
nents^ such as environmental, age, and organ ism ic {individual difference^ specificities". 

In general, it is very difficult to develop an intervention program for specific indi- 
vidual children who arc over two years old, since they each have different environmen- 
tal, age. and organismic specificity. Probably, there is a need to develop programs 
which have multiple tasks. 

At this stage, it is better to present "the menu" of tasks for disabled children, so 
they have a right to choice what kind of task to facilitate their own development at 
this moment. 

'3 High Self Esteem 

Most studies reported that disabled children have low self esteem and also low 
self confidence. Koegel and Mentis' 1985 1 have reported that some autistic children 
displayed low motivation and apathy, they also suggested that these may be the indica- 
tive of learned helplessness. It has been said that children who frequently fail to 
accomplish the demands niay develop a sense of learned helplessness. 

Since the start of the RCCCI) program of intervention, one of the most important 
propositions is that the children with disabilities should keep high self esteem, even if 
they fail to accomplish their demands. One solution is to provide them experiences 
which are adjusted to their developmental level. Through the insurance of 100% sue- 
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cess, they develop a sense of contingency and a sense of control. Thus they coine to 
have confidence of their ability. The other solution in keeping high self confidence is 
that caregivers do not attempt to keep the child trying to cope, if the child can not 
cope with the demand. Hunt \ said; 

''WJicn tlw child cncoioiters situatiom; with dcmanch beyond his - he?' ability, these 
demands do >iot ereu exist as cliallenges. When the elmllenge is appreciated but the 
child ca)inot cope, he she leill, if free to do so, (care the field leithoid damage : but if 
adults attempt f by means of either reward or punishment ) to keep the child trying the 
child suffos both stress and distress and damage to his- her confidence,'* 

According to Hunt, we can say that ip'^'^-^e in any task does not of itself cause 
lowering of self-esteem, but when caregive.s" Qv, viands for tasks that children cannot 
cope with, does do damage to their self-confidence. 

There is another solution to keep self confidence high. The child with disabil- 
ities, as well as every human being, needs support from another person (attachment 
person, family, or teacher J and also a supportive atmosphere in their family and soci- 
ety, even if there is no hope in life. This is a difficult problem to treat. However, 
after participation in our program we can sec that children with disabilities and also 
their parents recover their spirits and feel happy in spite of their difficult lives. 
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One of the oldest controversies about human behaviour concerns the origins of 
handedness. Many speculations have been offered, but few have withstood scientific 
examination. Part of the lure of this seemingly straightforward expression of the 
m(jtor system is the claim that it is a uniquely human trait that is closely associated 
with the acquisition of language. Such claims are currently the focus of intensive 
programmes of research concerned with the origins of human development and evolu- 
tion. With regard to the developmental origins of handedness, there are presently a 
number of empirically accessible models which differ from each other in important 
ways. In the present paper we examine the strengths and weaknesses of these 
models in an attempt to distil what might be fruitful directions for future research. 
However, before attempting this task we ask two essential questions: Why should 
developmental psychologists study handedness, and what is meant by handedness? 
We conclude by. among other things, posing a number of questions about the develop- 
ment of handedness that still need to be addressed by subsequent theory building and 
testing. Answers to such (fuestions will only come from process oriented models on 
the developmental and evolutionary origins of handedness which can illustrate h()w 
early motor asymmetries may be linked to later biases in manual functions. 

Key words : hand preference : manual specialisation : prenatal asymmetries ; 
headodness : primates 

1. Introduction 

There has been a long history of debate and research into the origins of human 
handedness, much of which has been captured in an excellent review by Harris 0983;. 
In contemporary man. handedness assumes a J -shaped distribution in which 85 90% of 
the adult population demonstrate a right sided bias, depending on which measures of 
hand use are employed. Explanations for this bias, which has been held to be cultur- 
ally invariant and species specific, have been inextricably linked with questions about 
the developmental ^nd evolutionary origins of language. Both in development and evo- 
lution, it was as«^umed that handedness was simply an epiphenomenon arising from the 
acquisition of language. This assumption led to two conclusions which have been only 
recently challenged, namely, that handedness is late occurring phenomenon both in 
development and during human evolution. These conclusions had the effect of assign- 

' This paper is basro oii a jirt'soiuation made at the Eighth Meeting of the Midwinter Confer- 
iMU'i* on Current Ismios in 1 VvelopniiMital IVychobiology. Costa Kica, Jan 7 lllh VXX\ 
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injy handedness a marginal rule in the evolution and developnient of human abilities. 
More importantly, they precluded attempts at seeking empirical evidence for the origins 
of a distinctively human trait prior to the ontogenetic and phylogonetic attainment of 
language. To have admitted prelinguistic origins would have further dismantled deep 
seated beliefs about the unique position accorded to Homo sapiens in the animal king- 
doxw. Thus, cjuestions about the origins of human handedness arc by no means trivial, 
but rather go to the very heart of what it is that distinguishes us from other animals. 
Recent answers to these questions form the focus of the present contribution. (}iven 
the enormity of the topic, its focus will be restricted to the developmental origins of 
handedness. However, some questions about evolutionary' origins will be raised. The 
first question to be raised though is "Why study handedness? " 

2, Why study handedness ? 

For developmental psychologists unfamiliar with the vast literature on handed- 
ness, it may not be immediately obvious why this behavioural trait should be of interest 
to them. At a general level, handedness is a readily observable phenomenon that as 
such enables one to address a number of the grand issues that continue to confront 
developmental psychologists. Such issues include gene behaviour relationships, brain 
behaviour relationships, constancy versus change g. between pre and |)ostnatal 
life-, sensitive periods and the role of experience. Given the apparently unambiguous 
nature of handedness, it may be possible to generate findings relevant to these issues 
which are genera Usable, in the sense of a developmental principle, to other domains of 
development. 

This claim is by no means new and can be found, for example, in the writings of 
Baldwin IH^O; 1894 . one of the founding fathers of contemporary developmental psy- 
chology. In studying the development of his own daughter using experimental methods, 
Baldwin paid particular attention to reaching and grasping and their lateralization on 
the assumption that they provided a window to mental development. More recently, 
and continuous v.'ith Baldwin's thinking. Young ' 1990 has proposed an ambitious the- 
ory wliich links the de\elopnient of lateralization mainly handedness to a number of 
cognitive achievements most notably language-. Termed an inhibition theory of com- 
plementary hemispheric specialization, it results in a 20 step model of development. 
The basic assumption is that the cerebral hemispheres contribute differentially to 
processes of behavioural inhibition with the left hemisphere being the site of a sophisti- 
cated mixture of activation and inhibition which serves to control the sequencing of 
acts in both language and fine motor abilities. In contrast, the right hemisphere is 
more specialized foi spatial processes and less so for any tnanifestations of dynamical 
inhibition. The tjuestion then, which reniains largely utianswered in Young's theory, is 
what are the exact relati(.nships between changes in the lateralization of functions and 
the development of cognitive abilities which in You!ig*s case are defined in IMagetian 
terms '? Are they in some sense unidirectitMial or bidirectional in nature? The most 
that can be said at th(^ present time is that changes in the developnuMit of lateralization 
and in particular handedness appear to 'Hag' new achievements in the cognitive lin- 
guistic domain. 'I'his assertion is ampl\' illustrated in kamsay's 19^-') a ; b pro- 
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gramme of research on the codevelopment of hand preference and speech. What Ram- 
say found were coincidences between ci' the onsets of canonical l^abblinj? and a ri^ht 
handed preference for manipulation, and /? ' the onsets of reduplicated babbling and 
bimanual coordination. He went on to speculate that speech production precedes the 
appearance of manual asymmetries at 6 months, whereas at 12 months the reverse is 
the case. 

For the clinically oriented developmental psychologist, the development of han- 
dedness merits more than a cursory glance. Many studies have demonstrated that left- 
handers are clearly overreprescnted in groups with severe and generalized cognitive 
deficits - see Pipe. 1990 for an excellent review on this topic). What is less clear is 
whether non- right handedness is also associated with specific deficits such as reading 
disability, perceptual problems, stuttering and mild intellectual retardation. What is 
almost completely opaque concerns the mechanisms by which central nervous system 
dysfunctions are expressed as deviations in handedness a situation arising from lack of 
carefully designed prospective studies. 

The utility of handedness for addressing fundamental and clinical issues of rele- 
vance to developmental psychologists should now be clear. The outstanding stumbling 
block to further progress on both fronts emanates from a lack of a clear understanding 
of the developmental origins of handedness. Thus, the main problem to be tackled in 
this paper is how the right bias in human handedness could originate. To this end a 
number of current theories which concern this topic will be considered in terms of their 
explanatory vigour. Some attempt will be made at forging links between them 
although this will be kept to a ir^inimum as the theories involved are, in their present 
states, very disparate in nature and hardly conducive to a sensible integration. How- 
ever, before embarking on this task, we should realise that any attempt at explanation 
assumes that we have an unequivocal understanding of the term handedness. Unfortu- 
nately we do not and this constitutes a problem, namely, what are we seeking the ori- 
gins of? And consequently, what is it that develops? These questions will be addres- 
sed ^section before discussing the theories of interest section 4 . Subsequently, a 
six point summarising commentary will be given that may serve to guide fundamental 
research in the future on the development of handedness 'section 5;. With a similar 
intention, the paper ends with a number of questions *and some tentative answers' 
that are ordered in terms of what I consider to be their relative importance section 6 . 

3. What is handedness? 

It is becoming clear that handendness is a multidimensional, rather than a 
unidimensional, trait. It can no longer be conceptualised as a rigid reliance on one side 
of the body regardless of the task conditions. At the very least we need to make a 
distinction between hand preference and manual specialization « Young et al.. H)8;r. 
Accordingly, hand preference can be defined as the consistent use of one hand on simple 
and familiar tasks and manual specialization as laterali/^ecl usage on more complex, less 
familiar tasks which may involve either hand. In terms of development the relevant 
(juestions are then: how does a hand preference originate and how does it relate to 
later occurring forms of manual speciali/^ation ? To examine such (juestions requires 
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assessments of hand use across a range of tasks at different ages, something which is 
hardly done in studies on infants. One of the few studies to do so was carried out by 
Michel et al. v'1985.. Here 12 infants at each month from 6 to 13 months ..thus 96 in 
total.' were examined on three different tasks - reaching for objects, manipulating 
objects and carrying out complementary bimanual actions.'. At all ages, the right hand 
was preferred for manipulation, as it was for reaching, with the exception of 13 
months. Bimanual manipulation -.which is evidence of manual specialization in that 
one hand manipulates the object while the other supports it ' was not clearly evident 
until 12 months. Once again it was mainly the right hand that did the manipulating. 
At 13 months, most of the infants' preferences during reaching and bimanual manipula- 
tion were no longer compatible. By this age it appeared that the nonpreferred hand 
reached to and secured the object so that the preferred hand could then manipulate it. 
Thus, by using a variety of tasks, it was possible to arrive at hhe conclusion that a 
right sided preference for reaching at 6 months of age is incorporated into more com- 
plex abilities at later ages. If only reaching had been used as an index of handedness, 
then hand preference would have appeared to fluctuate during the second half of the 
first year. 

What is known about the development of handedness during the first half of the 
first year ? Here the picture is less clear with evidence for a consistent righthanded 
preference (Michel & Harkins, 1985 ' as well as for fluctuations between hands across 
age ^Carlson& Harris, 1985 \ At the root of these differences in findings is whether a 
left hand preference appears before a rightsided one. Both Gesell and Ames n947 > 
and Seth tl973) reported that reaching initially showed a leftsided bias, but these 
studies were subsequently criticized on statistical and methodological grounds \ Young, 
1977; Annett. 1978 \ More recent and better controlled studies provide conflicting 
findings. Some have reported an intial rightsided preference .von Hotsten, 1982; 
Young et al., 1983 ^ and others a leftsided bias appearing before or at about 3 months 
Coryell & Michel, 1978; DiFranco et al, 1978; McDonnell, 1979). A similar lack of 
correspondence has been found between studies on grasping a rattle placed in the hand. 
Three found a righthand preference around the same age .Caplan & Kinsbourne, 1076; 
Hawn& Harris, 1983; Petrie & Petes, 198P while a fourth could not find any bias 
.Yu-Yan et al., 1983 '. At the present time the most we can conclude is that the ear- 
liest signs of hand preference appear to be task specific in that they are dependent on 
whether the task involves control of the proximal muscles as for reaching' or the 
distal segments of the hand las for grasping'. Furthermore, it may be questioned 
whether reaching before 3 months, which does not involve prehension, should be used as 
an index of handedness. It seems more appropriate to treat it as an indication of arm 
preference and then to ask how it can be reconciled with a hand preference for grasp- 
ing. 

All of the above lead to the following conclusions. Firstly, better definitions and 
more precise measures of handedness are needed. Secondly, the use of a variety' of 
measures of handedness that can account for developmental changes in manual abilities. 
Thirdly, the need to incorporate the emerging abilities of the nondominant hand into 
the definitions and measurements of handedness. Fourthly, to pay more attention to 
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iiulividual difforoiUTs. U)\' e\anii)lc. throuRh using the distinction between the direction 
and decree handedness. I'ew studios on the dcvelopnient of handedness in human 
infants appear to have given consideration to all these points. In these respects, wo 
have much U) learn froni recent investigations of hand use in nonhuman primates - e.g. 
linpkins. W. 1). ot al.. 19S9 . 

4. On the developmental origins of handedness 

Thoro is a plethora of speculations on developmental events that may lead to a 
righhaiidod bias in humans, many of which have a long history <. Harris. 1983), In the 
la>l decade a number of these speculations have been reworked into testable models. 
Kiir tlio present purposes they will be termed the biased oocyte, the biased gene, the 
l>ia>od brain, the biased head and the biased uterus. Each of these models has its own 
idiosyncratic shortcomings which mitigate against a comprehensive model on the 
dcvolopm(Mital origins of handedness. However, where possible, points of contact 
iK'twoon these models will be indicated. 

a. 77/< hi(i>i(l ooiyti : tiu lift n'Mht nnitHyatiiunil M'radioif mode! 

According to this model, lateral asymmetries such as handedness are governed by 
a left to right maturational gradient coded in the spatial structure of the unfertili;ied 
egg rather than in the genes Corballisfc Morgan. 1978'. It is based on the fact that 
ail living cells have intrinsically anymmetrical properties. What is unique to this model 
is that it incorporates maternal effects that do not rely on a strict genetic interaction 
between mother and t'ather. Accordingly, the gradient is laid down during oogenesis by 
f.Klors intrinsic to the cytoplasm and not to the nuclear genes. However, the actual 
expression ot an asymmetry ultimately depends on genetic and environmental influences. 

Til Tiift from an initial left to a righthand preference may be related to this 
gradiiMil. but as we have seen, there is contradictory evidence as to whether functional 
develijpnient begins with a sinistral bias. As we shall see. there are cerebral asym- 
metries which do not perfectly correlate with hand preference as would be predicted if 
hi){h were based on the same maturational gradient. Furthermore, embryological evi- 
dence supports neither a left right or right- left gradient, but rather suggests cyclical or 
tluctualing as\inmetries during growth ■ Mittwoch. 1978 . The main stumbling block 
for this model is. however, the lack of evidence that cytoplasmic inheritance plays a 
role in vertebrates. On the contrary the inheritance of latcrali/ied traits is through the 
nuclear genes. Thus, if there are maturational gradients underlying the origins of han- 
dedness, thiMi they should be under some form of direct genetic control. This is 
assumed in the most widely accepted genetic model of handedness which we turn to 
next. 

h. 77/« hitisif/ Mi>h ffn ^'i^^if >^^ii^! MOic >fi*>d^^! 

IMoposed by Annett 198;") . this model stresses that handedness is not a discrete 
variable but one with a continuiiusly varying gradient. Thus, there are degrees of pref- 
erence which are systematically related to a continuous distribution of differences 
hi'twren the hands in the performance of particular tasks. The model has two compo- 
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!ients: one genetic and the other environmental or more properly accidental in nature. 
The majority of individuals inherit a gene which predisposes them to left-hemisphere 
control of speech and as a by product a righthanded preference. A minority of individ- 
uals lacking this right shift factor will have their cerebral dominance for speech and 
hand preference determined at random. Accordingly, for these individuals there is an 
equal likelihood that they will have a left or righthand preference, and in these cases a 
dextral bias can arise from environmental pressures. Thus, unlike the two-gene model 
of Levy and Xagylaski •1972 '. which assumes two directional alleles, Annett's more 
probabilistic model can account for the high percentage (60%.' of right-handedness 
with two left handed parents. Despite such predictive power, it should be borne in 
mind that the right shift gene model rests on an assumption that has neither theoretical 
nor empirical support, namely, that both dominant and recessive alleles are present in 
the population at a frequency of 50%, 

The importance of Annett's model for the present purposes is that it directs 
attention to the neglected role of familial handedness in the development of hand use. 
The fi.idlngs of one study that included this factor complied in part with the predictions 
of Annett's model while at the same time stressing the need to account for the ways it 
may interact with the sex of the infant ' Carlson & Harris, \9^ok Using a longitudinal 
design, it was found that familial righthanded iFRII) boys and girls showed an 
increase in I'ightsided rc^aching from 24 to 52 weeks. However, from 27 weeks 
onwards, the VRW boys had a left arm preference, but by 52 weeks no lateral bias. In 
contrast, neither FLH boys n(;r girls had a lateral preference at 24 weeks, which was 
then followed by a right to left trend up to 52 weeks- this shift occurring earlier in 
boys. These findings run counter to any iK)tion (jf a simple maturational gradient and 
cannot be straightforwardly reconciled with .^\nnett's model Mn particular those con- 
cerning FRH b ys . On the other hand, the fluctuating trend manifested by the FLH 
group is in ac ordance with the model as presumably these infants lacked the rightshift 
gene and were therefore more susceptible to \*ariations in environmental influences. 
While this stud\" was not concerned with the developmental origins of handedness, it 
clearly points to the need for including both the sex of the infant and familial handed- 
ness in addressing this issue. 

The data Annett has gathered in suppoi't of her model are based on children 
(ilder than two years and adults. To constitute a valid model for the developmental 
origins of handedness, then it should be able to account for the distribution of struc- 
tural and functional asymmetries during early development that have been proposed as 
I)recursors for the establishment of handedness. 

c. 77/1 hi^/Sid hra'ni nunld 

Many gross neural asymmetries have been found to be evident as early as the 
second trimester of pregnancy. However, it is unknown whether they arise during em- 
bryogenesis or during later stages of brain development « viz. during neurogenesis, neur- 
onal migration and maturation '. The processe^^ by which such asymmetries arise are 
also [)oorly understood: do they rellect suppression of development on one side, an en- 
haiu'ed develoi)nient on the other or a combination of both processes? According to 
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the neuronal loss hypothesis Galaburda et ah, 1987 , the cortieal hemispheres iiiiiially 
have an equivalent rate of development followed by involution on one side. Thus, 
there is an initial period of symmetrical neuronal over' production of neurons, axons 
and synapses which are then pruned down more on one side by trophic factors and 
activity leading to that side becoming smaller. This hypothesis is not easy to relate to 
what is known about cerebral asymmetries that appear during fetal life. Structures 
such as the Sylvian fisstires and the plantmi temporale are larger on the leftside. Other 
evdience points to an initial rightsided bias: from 10 to 40 weeks, it was found that the 
development of presumptive language areas such as the supramarginal, angular and 
transN'crse temporal gyrii was more advanced on the right side ^Chi et al., 1977-. hi 
addition, the Rolandic (issure on the right becemie convoluted some weeks earlier than 
its homologue on the leftside. Thus, the niost one can draw from these findings is that 
some parts of the right hemisphere initially develop faster, but that there is later a 
catch- up in growth for the left hemisphere which eventually becomes the larger of the 
two. While this could be taken as support for an initial leftsided bias in reaching, it is 
highly questionable whether there are any contralateral cortical fibres that are func- 
tional when this action appears for the first time, hi fact, assessments of local meta- 
bolic processes in the neonatal brain by means of Positron Emission Tomography have 
demonstrated little or no functional activity in any neocortical structure ' Chugani & 
Phelps. 1986'. 

It is doubtful whether all the evidence for the existence of such prenatal cerebral 
asymmetries will help us to unde^'staiid the origins of handedness. What we need is 
more information about the development of asymmetries in structures known to be 
involved in motor control, particularly at the subcortical level. A recent study of 18 
normal brains, some of them as young as 28 weeks gestation, revealed the globus pal- 
lidus Ml the basal ganglia had a larger \-olunie on the left side. This asymmetry was 
found in all brains younger than 4 years Kooistra & Heiman, 1988 . While it would 
he tempting to associate this asymmetry with an initial rightsided bias in reaching, it 
should be remembered that the basal ganglia do not have direct connections with nuclei 
or cortical regions which give rise to motor pathways projecting directly to the spinal 
cord. P\irtherniore. the precise role of each nucleus of the basal ganglia is currently a 
controversial topic. 

hi terms of the descending motor systems, it is known that the ventromedial 
j>ysteni. which includes the vestibulospinal tract. de\ek)ps earlier than the direct cor- 
ticospinal system Kuypers. 1985 . As for the rubrospinal tract of the lateral brain 
stem system, it is unknown if it has any function in humans. The vestibulosiDinal tract 
projects bilaterally to the spinal cord and controls the proximal muscles of the arm. 
Thus, when reaching lirst appears it would involve ii)silateral control. l)ei)ending on 
which hemisphere is functionally more mature at this time, there could be either left 
or rightsided biases in reaching. Individual differences in this regard could explain why 
there is a lack of between study agreement on v.'hether the first reaching movements 
are left or rightsided. In the direct corticospinal system which provides contralateral 
control of the fingers, it is known that in the fetus most fibres of the pyradimal tract 
decussate more completely from left to right than the other way round 'Yakovlevt^ 
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Rakic, 1966 , Thus, it is possible that corticospinal fibres destined to innervate the 
small muscles of the right hand may be more numerous than for the left. This finding 
may provide one explanation why most infants display a more consistent rightsided 
preference after about 6 months as assessments then are derived from the ability to 
combine reaching with grasping. However, this suggestion only accounts for dominant 
hand use and not for the superiority of the left hand in visualspatial abilities. The 
main point is that assessments of handedness involving goal -directed arm movements 
will be based on different motor systenis at different ages. The question then is how a 
bias in the ventromedial system may induce one in the corticospinal system. 

The models considered so far are essentially predictive in nature -biases in 
maturational gradients, genes or fetal brain structures should portend an ultiniate right- 
handed preference in most individuals. They have little to say about the processes that 
lead to the establishment of a dextral preference in contrast with the last two (interre- 
lated models, 

d. The biased head and uterus models 

A number of studies have demonstrated that the orientation of the newborn's 
head in supine has a similar dextral bias to that found for adult handedness. The same 
neonatal bias has also been found for head turning when it is released from a midline 
position. Previously the lateralized head position adopted by the young infant was 
purported to be a by -product of the Asymmetric Tonic Neck (ATN) reflex Kjesell & 
Ames, 19-17 . This is clearly not the case as a spontaneous ATN position only 
becomes dominant at about 3 months Touwen, 1976), Thus, the question of interest 
is whether the neonatal head position preference, and not the direction of the ATN 
position, is predictive of handedness at later ages in infancy. This question has been 
addressed in a series of studies by Michel and colleagues. In general, both the assump- 
tion Michel & (roodwin, 1979- and the maintenance i(joodwin& Michel. 1981 ^ of 
lateralized head position predict the arm that will be used fc^r reaching. Subsequently, 
it was shown that these early function'il asymmetries provided predictions of hand pref- 
erence at 60 .Michel, 1981 and 74 weeks * Michel cK: Harkins, 1986 ^ Michel offers a 
plausible and testable explanation for how 'headedness' may be related to later manual 
specialization. The basic idea is that the neonatal head orientation induces a lateral 
asymmetry in hand regard and activity in the first couple of months. Greater experi- 
ence of one hand leads to it being preferred for visually guided reaching which in turn 
ensures that it will become specialized for fine motor abilities. Thus, as each func- 
tional asymmetry appears it is transferred to a subsequent ability, not because each 
asymmetry stems from a common neural mechanism, but because there is a continuity 
in experienece of using one hand rather than the other. The developmental origin of 
righl handedness is to be found in the head position preference of the newborn. What 
then is the origin of this neonatal asymmetry in function? One suggestion has been the 
p.^sition of the fetus in the last few weeks of pregnancy. 

Two thirds of the fetuses born in a left vertex presentation have their backs 
towards the mothers left side some 3 to 4 weeks prior to full term delivery. In this 
position, with the rightside of the head facing outwards, movements of the left arm las 
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well as its arterial bloods are restricted by the pelvis and backbone of the mother, 
(liven the close relationship between head position at birth presentation and its position 
in the weeks before in most fetuses, it was asked if the former predicted ' headedness ' 
after birth Michel & Goodwin, 1979; Goodwin & Michel. 1981;. It was found that a 
left vertex presentation was significantly associated mith a rightsided head prefemence. 
This was not the case for those newborns with a right vertex presentation : their pref- 
erences were randomly distributed rather than leftsided as predicted— an indication that 
these infants may have had a history of FLH. 

Why do most fetuses assume a lateralized position with the rightside of the head 
facing outwards? The plausible answer is that this position is an adjustment of the 
growing fetus to asymmetries in the uterus. In most cases, the uterus has a torsion to 
the right resulting in the maternal bladder and rectum as well as the placenta being 
positioned to the right. Under these conditions, there is more room for the head and 
body on the left side of the uterus when the fetus assumes a left vertex position. Why 
this position should be associated with a head position preference to the right postnatal- 
ly has recently been addressed by Previc 1991 in his vestibular dominance or left 
otolithic dominance hypothesis. 

According to this hypothesis, vestibular lateralization may arise from the asym- 
metrical position of the fetus during the latter part of the final trimester of pregnancy. 
In the left vertex position, the forward acceleration and the backward inertial force 
generated by maternal walking would be preferentially registered by right and left sides 
of the vestibulum respectively. In short, when the mother walks there is an unequal 
shearing of the hair cells in the two otoliths of the fetus resulting in a left otolith 
dominance. Impulses from the niaculae of the utricles travel centrally to the brain 
stem and cerebellum. In the brain stem they terniinate on the vestibular nuclei, one of 
which Deiter's nucleus - is the origin of the vestibulospinal tract. Almost all the fibres 
of this tract are uncrossed and most end on interneurons in the spinal cord. The main 
function of this tract is the ipsilateral control of extensor muscles. For head turning, 
the most important muscle is the bilateral sternocleidomastoid the left of which is 
activated when the head is turned to the right. Thus, a left -otolith dominance should 
be related to a left sided bias in the activation of this muscle and thereby a rightsided 
head preference. 

Previc's general theory successfully disassociates questions about the develop- 
mental origins of handedness from those about language. He does so by proposing 
independent mechanisms for the origins of a rightsided motor dominance and a right 
ear sensitivity. In this respect alone, Previc's intriguing theory represents a consider- 
able advance on previous attempts to link prenatal neural asymmetries with the 
developmental origins of handedness. We are now in a position to make cross species 
comparisons as a means of addressing how a dextral bias in handedness could have 
arisen in hominid evolution without getting this issue confused with that pertaining to 
the evolutit)nary origins of language. 

Summarizing comments 

I , The measurement of handedness during infancy should take account of rapid 
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changes in motor abilities. There is no single task .e.g. reaching that will pro- 
vide a valid index of handedness even during the first year. 

2 . During the first half of the first year, it may not be hand preference that is being 
measMred, but rather arm preference. 

3. The question of whether the initial arm preference for reaching is right or leftsided 
is still unresolved. As such, it stresses the need for including measures of familial 
handedness. Should these measures be derived from questionnnaires or direct tests 
of handedness and should they then be treated as a binary or continuous variable? 

4 . Of all the models discussed, only Annett's single gene model provides a reasonable 
prediction of those individuals who will be right left handed. However: 

5. We still lack a satisfactory process oriented model for the developmental origins of 
handedness and for how early motor asymmetries are linked to a later bias in 
handedness. What should be clear is that there is no common neural mechanism 
which is shared by earlier and later motor asymmetries. 

6 . We badly need comparative primate studies on the development of motor asym- 
metries. These should include ultrasound recordings of fetal movements and pos- 
ture in the great apes. 

6. Questions (and some answers) 

In answering some of the questions I will draw on published and yet -to be publi- 
shed findings from the Amsterdam Laterality Study .ALS- currently being carried 
out at the PVee UnivtM'sitv. 

The Big Ones 

1. What are the problems confronting current models on the developmental origins of 
handedness ? 

I will only deal with two here; those subscribed to by Michel and Previc. 
a . Michel : differential visual regard of the hands arising from a lateralized head posi- 
tion is proposed to lead a biased use of one hand in such actions as reaching. 
There arc two problems with this proposition. Firstly, congenitally blind individ- 
uals have a righthanded bias in reading braille Bradshaw ct al.. 1992;. But this is 
only one task which may be subject to teaching strategies biasing the right hand. 
Difficult though it would be, what is needed is a longitudinal study of infants blind 
at birth. Do they show a rightward head ptjsition preference? Do they initiate 
reaching with the right or left arm to an auditory stimulus? Secondly, a lateral- 
ized head position lasts only for 2 \\ moths and then is replaced by a preference to 
hold the head in tht» midline Hopkins et al. 1990-. Hnless we i)ropose a sensitive 
period hvpothesis which is not *^upportecl b\' the finditigs on blind patients', then 
this seems to be an inordinateh' short space of titne \\\ which to establish a rightsid- 
ed dominance in subsecjuent motor abilities. Peiiiaps there are other asvinmetries 
in (he sjiontaneous movement repertoire (hat persist beyond the age wheti a head 
midline position becomes dominant. We found that in newborns one hour after 
birth, hand mouth but not hand face contacting was highly lateralized Hopkins 
et al. 19S7 : all newl'.orns contacted the mouth with the hand ii)silateral to the 




Developmental Origins of Ilunian Handedness 



73 



head position and most did it with the right hand. After 6 weeks this synergy 
breaks up and the infant is just as likely to contact the mouth with the right or left 
hand. However, by 18 weeks we noted the reestablishment of a right hand prefer- 
ence, but now with the head in the midline diopkins, Savelsbergh (& Butterworth, 
submitted'. 

b. Previc ■ 1991 ' : he concludes that "... the origins of vestibular asymmetry in man 
lie in a nvuml rather than structural imbalance favoring the left utricle" -p. 318*. 
What is known about the development of the vestibular system suggests otherwise. 
The system is structurally mature very early in prenatal life ^ Humphrey. 1964', 
Despite this fact, there is no evidence that it is functional before birth, Itlxperimen- 
tal work with guinea pigs has revealed that the system is functionally inhibited by 
low levels of oxygen tension as experienced in utero iSchwartze& Schwart/:e. 
1977 ^ In the human, shaking the maternal abdomen from side- to side failed to 
change the heart rate pattern or induce movements in the near term fetus which 
would be expected if the vestibulum was functional prior to birth ; \Msser et al., 
1983'. It is unlikely, therefore, that movements of the endolymphs and hair cells 
in the vestibulum of the fetus will be registered centrally in terms of action poten- 
tials. All of this suggests that a structural imbalance may be induced by the 
differential stimulation of the two otoliths which then exerts its neural effects after 
birth. Poindings on preterm infants are relevant to Previc's hypothesis. In the ALS 
project we have recently found preterm infants born before 32 weeks gestation 
demonstrated a rightsided bias for the maintenance, but not for the assumption, of 
a head position at 35 weeks (ieerdink. Hopkins^ Iloeksma. 1993 , a finding in 
agreement with other studies ve. g. Gardner et al., 1977'. It is diHicult to know 
how to reconcile these differences in performance with Frevic's h\pothesis. 
e . Michel cK: Fn ric : both models can account for the origins of right but not 
leftsided motor asymmetries, IVevic 1991 does try to redress this problem in 
suggesting... **a greater percentage of lateral positioning reversals prior to birth 
among sinistrals*' p. 301. footnote 3 . I know of no evidence to support this sug- 
gestion. A recent study observed thumb sucking in the fetus using realtime ultra- 
sound recordings on the assumption it may be a precursor of handedness ^ Hepper 
et aL, 1990'. In 274 fetuses there was a clear bias for sucking on the right thumb 
as early as \7y weeks of gestation which was hypothesised to be related to head 
turning after birth. There was no relationship found bet wen intrauterine position 
and thumb sucking preference. Of 28 right thumb suckers. 23 turned to right and 
for the four left thumb suckers. 3 had a left and 1 a right turning bias. Thus, it 
was concluded that thumb sucking initiates development of brain laterali/^ation. 
The challenge of the study is that if the fetus sucks the right thumb, then the theo- 
retical link between 'headedness* and handed!iess mny reside i!i a more fundamen- 
tal asymmetry which appears many weeks before a lateral i/^ed fetal position. The 
limitation of the study is that it included only 4 left thumb suckers. In addition, 
we have iomd in the ALS that it is very dillicult to observe thumb suckitig in the 
fetus on a regular basis, and due to the 2 dimensional image of the fetus there are 
problems in arriving at reliable estimates of whether the right or left hand is 
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involved. However, we have been able to observe a lateralized head position 
appearing at weeks gestation (van Gelder. Dijknian. Hopkins, van Geijn& Ho- 
Mcau Long. 1990; Ververs, de Vries. van Geijn& Hopkins. 1992;. Before that 
age the head was predominantly in the midline position. Given that preterm 
infants also show an asymmetrical head position preference for the first time at 
around this age, it clearly indicates that this postural bias is due to neural matura- 
tion and not to mechanical influences emanating from uterine asymmetries. It is 
interesting to note that the appearance of a lateralized head position coincides with 
the appearance of stable behavioural states ^. Nijhuis et al.. 1982 •. 

2. What is the clinical relevance of research on early motor asymmetries ? 

There is a predilection among developmentalists to seek for stability in be- 
havioural development. It is becoming clear, however, that intraindividual varia- 
bility may be a cardinal feature of normal motor development (Touwen, 1978). 
Handedness appears to fluctuate, particularly during the first 6 months. For 
'headedness* there are too few longitudinal studies to know with any degree of 
certainty whether it is also a fluctuating asymmetry within individuals. In the 
ALS. we have observed some degree of stability in a lateralised head position pref- 
erence up to 3 months ^ Hopkins et al,. 1990 j. but a high degree of variability in 
hand mouth contacting across the same age range. The point to be made is that a 
strongly lateralised asymmetry to the left or to the right for either ^headcdness' or 
handedness may be indicative of underlying neuropathology. This view is in con- 
trast to those models proposing that leftsided asymmetries, or a lack of asym- 
metrical behaviour, may constitute a pathological state ^ Bakan. 1971 ; Satz, 1972). 

3. What do we need to know from the fossil record to help us better understand the 
evolutionary origins of handedness ? 

Kndocraniai casts of KNM FR 147fi 'a Homo Habilis specimen' dated at 2 
million years BP have revealed left hemisphere asyminetries 'Tobias. 198n. Ana- 
lyses of artifacts viz. Hakes produced from knapping stone tools indicate hominids 
had become righthanded at about the same time ^Toth. 1985'. However, if the 
attainment of an upright posture was the prime mover for the appearance of man- 
ual specialization in hominid evolution, then handedness may have an even greater 
evolutionary age. The oldest fossil hominid is Australopitiiecus afarensis which 
has been dated at about 3.5 million years HP. The morphology of the pelvic girdle 
clearly indicates an upright posture and the ability for bipedal locomotion. What is 
not known is whether this hominid possessed manual specialization. The hands are 
inteiniediate between contemporary humans atid chimpanzees and would have per- 
mitted a range of precision and power grips, but probably not a fully abducted 
pincer grip however the latter does not necessarily exclude the potential for man- 
ual specialization. Thus, the evolutionary depth of handedtiess is still a matter of 
debate, although it now seems evident that its evolutionary appearance preceded 
that for language. 

It would be interesting to know from the fossil record when the first evidence 
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for a latL-ralized fetal position appeared. Would it have been a left vertex posi- 
tion? Did it precede handedness or did they evolve together? The pelvic girdle of 
Australopithecus afarensis has a humanlike shape, including an oval inlet. While 
this does not necessarily imply a lateralized fetal position towards the end of preg- 
nancy. s(Miie physical anthropologists contend that rotation of the fetus and flexion 
of its head would have been required to pass through the birth canal ' Berge et al., 
1984 . Among primates, this mode of delivery is found only in humans. Until 
someone investigates whether there are asymmetrical markers in the pelvic girdles 
of australopithecines, we will not know whether these hominids also had another 
obstetrical feature in ei)mmon with man, namely, a fetus who adopted a lateralized 
vertex present a ion. 

Can we categorically deny that nonhuman pri.mates do not have a righthanded bias 
for handedness ? 

The short ansv.-er is "no". The long answer is less categorical It is gener- 
ally held that primates and mammals have a preference for one hand or paw over 
the other, but that only humans manifest a population bias in favour of one hand. 
Kvidence for and against this view is, to say the least, contradictory. After review- 
ing many studies involving prosimians. New and Old World monkeys as well as the 
great apes. MacNeilage et ai. U)87 concluded: a leftsided bias for reaching {par- 
ticularly in prosimians and New and Old World monkeys and righthandedness for 
manipulation in some monkeys and apes, but not prosimians. i. e. in those with 
opposable thumbs . One of the problems with the literature on handedness in non- 
human primates is the lack of studies involving the great apes. It may be the case 
that the most consistently righthanded great ape is the gorilla who is also the most 
terrestrial of them Hresard Bresson, 1987; Fischer et al.. 1982/. The best 
controlled study I have come across involved 2 rhesus monkeys and 3 chimpazees 
Hopkins W. I), et al., 1989 . Both species showed significant righthanded prefer- 
ences in manipulating a joystick, but neither did in reaching for an edible reward. 
The biggest stumbling block in arriving at any firm conclusions about handedness in 
nonhuman primates is the small number of subjects involved in the majority of 
studies. This calls for a multicentred programme of research involving the same 
method^ and the same definitions of handedness designed to test the MacNeilage et 
al. hypothesis across a range of primate species. 

Because of a leftsided preference for cradling infants in humans on the 
understanding that it enables the right hand to be used for manipulative activities 
associated with child care , the presence of this phenomenon has been sought in 
other primate sj^ecies. Two studies found a leftsided bias in the gorilla Fischer et 
al.. Manning cK: Chamberlain. 1990 , one of which also reported the same for 

the chimpanzee and orang utan Manning Chamberlain, 1990 . Once again the 
number of sul^jects involved was small In collaboration with Merman Dienske of 
the TNO Primate Centre, Kijswijk, we repeatedly observed nine pairs of chimpan- 
zee mothers and their infants Dienske Hopkins, submitted . No significant lat- 
eial cradling preference was found altltough there was a tendency for a rightsided 
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in the sample as a whole. Moreover, none of the mothers demonstrated a hand 
preference in reaching for food or other object. It was difficult to make a rehdble 
observation of the hand use in the infants of these mothers. In another study, we 
attempted to observe if there was lateralized preference in head turning during the 
first month for 5 chimpanzee infants who had been separated from their mothers. 
It proved impossible to carry out—after releasing the head from the middle position 
it remained there for minutes on end in all 5 infants. In addition, no differences 
could be felt between hands in terms of the pressure exerted during the grasp 
response. The number of studies on the development of handedness in nonhuman 
prip.ates is vanishingly small. The few that there are consist of case studies 'e.g. 
Chorazyna. 1976; Cunninghan* et al.. 1989 ^ 

In conclusion, it n;ay be the case that most primate species show a popula- 
tion-bias for visually-guided reaching with the left arm and those with opposable 
thumbs a rightsided one for complex manipulations. If this possibility can be more 
firmly established, then the origins of human handedness may have an evolutionary 
depth of greater than 4 million years (based on the human-great ape divergence 
lime derived from techniques used in molecular anthropology such as DNA hybridi- 
zation'. Such a depth would suggest handedness preceded the achievement of a 
persistent upright gait. 

SOME t rather^ Big Ones 

1. Is the neonata! head position a robust phenomenon? 

Most probably not. FuUterm newborns subjected to a head midline position 
for 15 minutes reduced or even lost temporarily a right ward bias in head turning 
'.Turkewitz <& Creighton. 1974; see also: Leiderman & Kinsbourne. 1980; Roberts 
& Smart. 1981 ). In the ALS. we found that infants of Caribbean origin who were 
massaged symmetrically on a daily basis by their mothers retained a rightsided bias 
In head turning, but not for the placing and stepping responses ^ Hopkins, submit- 
ted;. Those who were not massaged retained a rightsided preference in all 3 move- 
ments- as did a group of Caucasian infants who were also not massaged. We have 
difficulties in accounting for these findings. The logical follow-up would be an 
experimental -control group study. 

2. When does a lateralized bias for reaching into the contralateral space appear ? 

The notion that the ability to cross the midline is associated with the matura- 
tion of the corpus callosum has been overly stressed. On this view, sp{)ntaneous 
crossing occurs after 1 year. In coliaboratitm with (icorge Butterworth <Univ. 
Sussex ' we found reaching across the midline at 11..'^ mo!Uhs for the righthand, 
then 3 months later in the left. The majority of contralateral reaches terminated 
in precise finger grips. 

3. What other contexts need to be taken into account is studying the development of 
handedness ? 

Most research to date has involved studying the lone hander. During 
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mother infant interaction the following have been reported: more right hand move- 
ments at 2 months associated with positive expressions, more right hand opening at 
9 weeks ^F^ogel & Hannan. 1985; and more right hand 'pointing' when a toy is 
present more lefthanded when alone with mother dlannan, 1987;. Conclusion: 
different contexts at different ages may evoke different lateralized functions. 

4. When does adult- like handedness become established? 

A long held view is that it is present at about 2 years ^ Gesell & Ames, 1947 ; 
Giesecke, 1936; Hildreth. 1949 More recent studies are less clear: it may be 
about 2 years ■ Annett, 1970; or not until after 8 years (Beaumont, 1974; Connolly 
& Elliott. 1972 . Thus, there is little consensus about what constitutes the mature 
state. 

5. Would the study of the development of handedness benefit from a dynamic systems 
approach? 

At the very least, it would force us to identify the appropriate order parame- 
ters and to search for age specific control parameters that might be the agents of 
change in the order parameters v Hopkins, Beek & Kalverboer, 1993;. If there are 
such things as fluctuating asymmetries in early development, then they may be 
indicative of transitional periods. Synergetics >' Haken, 1977^ and catastrophe the- 
ory Gil more, 1981 provide formal criteria for detecting such phase shifts in order 
parameters > e. g. critical fluctuations, critical slowing down, sudden jump, 
bi modality and hysteresis . 
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DYNAMICS OF SELF ORGANIZATION 
IN HUMAN LOCOMOTION 



R. E. A. van Emmerik and 
R.C. Wagenaar 
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Within the framework of the dynamical systems theory of movement coordina- 
tion and control \vc provide tools and methods to study coordination changes and 
stabilit\' characteristics in human locomotion. The fnst part of the paper offers a 
tutorial on dynamical systems principles, in particular what the central tenets are of 
a law based approach to movement coordination. This law based approach empha- 
sizes the self or^anizinK principles that underly the formation of new movement pat- 
terns and the unity in orKanizin^ strategies across scales of observation (Kugler & 
Turvey. H)87 . Central to the formation of new patterns is the thermodynamic the- 
oty of dissipative structures as developed by Tri^'oKine il980). We then turn to a 
description of mechanical pendular properties of the rhythmic oscillations of the limbs 
and assess their different stability characteristics of mechanical and dissipative 
j)t-(K'esses. Different approaches e.g.. dissipative structures, synergetics theory and 
(Ivnamical models that directly relate to the formation of new movement patterns 
;ire elaborated ui)on. The second part of the paper provides empirical data from our 
own research, usin^ dynamical systems tools and principles in studying coordination 
clian)ies in healthy and pathological gait. Finally, we discuss some of the implica- 
tions of this dynamical approach for the study of developmental changes in locomtory 
pat iiTns. 

Ke> words: y^ait transitions, nonlinear dynamics, relative phase dynamics. 



Introduction 

ilow does an infant discover a new locomotory pattern? How does it stabilize 
this newly ae(|uired paltern? And how do transitions from standing to walking or 
between walking and running emerge? In this paper we would like to address these 
kinds «>f (juestions using principles and methods that emphasize physical descriptions of 
locomotion that (Mosely approximate a pendular, clocking (limit cycle) mode of organi- 
zation Kugler & Turvey. 1987^ The approach advocated by Kugler & Turvey (1987) 
emphasi/es ti ansformation and conservation mechanisms of energy processes as a pos- 
sil)le source of order. These transformation and conservation processes can be ob- 
served at (lilterent frames of reference, namely the macro mechanical and micro ther- 
modynamical. In the following sections it will be shown that the emergence of new- 
patterns result from the interplay between mechanical and thermodynamical <.dis- 
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sipative- processes. These descriptions and formalisms are presented within the frame- 
work of the 'dynamical systems approach' to mo\'ement coordination and control, 
which is based on recent developments in nonlinear dynamics '.e. g,. Thompson & 
Stewart, 1986 and ecological psychology e.g.. Gibson, 1979'. (General principles and 
methods of this theory will be laid out, and we will illustrcite these with data from our 
own work that is concerned with the evaluation and treatment of movement disorders 
in neuroiogically disabled individuals. Finally, we will discuss sonie of the implications 
of this approach for the study of coordination changes in motor development. 

A Law based Approach to Movement Coordination 

One of the outstanding questions in ihe are^a of motor control is how the multiple 
degrees of freedom in the human body are coordinated and controlled in a coherent 
fashion. Bernstein ■UJlv- was one of the Hrst who recognized the complexity of the 
movement control system and systematically investigated how in the course of learning 
the a\ailable degrees of freedom are utilized, and, eventually mastered. Whether at a 
biochemical, muscular, or biomechanical level, biological systems encompass numbers 
of degrees of freedom that widely surpass those of artificial ^ engineering systems. 
Also, there is no straightforward, unambiguous relation between afferent signals to 
muscles and corresponding movements. This implies that individual muscles and their 
innervational states do not have fixed movement consequences, and that nK)venient out- 
comes are dependent upon contextual contingencies /context conditioned variability', 
Turvey, 1990 . This context conditioned variability is also visible in current mass 
spring models of motor control e.g., Keldman, 19S6 . In Feldman's eciuilibrium point 
hypothesis, states of the motor system are described in equilibrium states which are 
dynamically assembled from the interaction ,t)f centrally regulated ni^nlinear thresholds 
on the motor neuron pool and the active loading of the musculo skeletal system. 

The dynamical systems approach provides a law based account of how interac- 
tio:i-; between sy.^ems develop, stabili/:e, and change. Natural laws couple physical 
symmetries, which are delined by kinemaMc variables. Natural laws explain the stabil- 
ity and reproducibility of events and have only qualitative invariance. in that ihey iden- 
tify qualitative geometric -or topological' relations which remain invariant under cer- 
tain system transformations. Typically, natural laws are defined over the dimensions 
of mass, length, and time see Kugler Turvery, 1987'. In traditional hierarchies in 
biological explanation, biological systems are considered to be holistic, whereas physi- 
cal explanations are unit explanations rnid reductionist. The reductionism in a law 
based program towards biological systems is of a fundamentally different kind because 
it is sejirching for universal organizing strategies applicable across various disciplines of 
the natural sciences or scales of observatioti Ilaken, 1977;' Kugler & Turvey, 1987; 
Soodak & Iberall, 1978 . 

Despite the ubi(|uity of cross scale interactions, the physical and social sciences 
have long beeii preoccupied with same scale interactions Kugler & Shaw. 1990 . The 
laws that have been proposc^d (jperale essentially at the same scale, refer to system 
dynamics that are reversible, and assume that lirst principles .-^uch as the iirsl and 
second laws of thermo(lynami<*s are woakly and linearly coUi)led. Under this assump- 
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tioii, high dinicnsioiiality or variability in the movcMiieiit system is viewed as a curse, to 
be avoided and eliminated. In the dynamical approach this variability and dimen- 
sionality is lo be exploited, in that symmetry preserving and symmetry breaking strat- 
egies are considered as coiiseciuences of nonlinear couplings of these first principles that 
o{)erate across scales ph\sicaL biological, psychological . 

Thermodynamic principles : Dissipative structures 

Traditional theories of motor behavior e.g. Adams, 1971; Schmidt, 1975 
contemplate the moving organism as a closed system in which order, stability, uniform- 
ity, and equilibrium are emphasized. Linear relations in which small - large inputs 
give rise to small large outputs dominate in these types of systems. Order, stability, 
and equilibrium in closed systems are fundamental aspects of classical mechanics, while 
in thermodynaniics new models were developed in which energy, matter, and informa- 
tion are exchanged with the environment. Thermodynamics deals with the transactions 
of various forms of energy in all its possible forms, and is described by phenomena 
such as pressure, concentration, temperature, etc. Fluctuations and stochastic proces- 
ses are essential, and in addition to conservative mechanical forces thermal flows exist 
which compete with the conservative forces, thereby increasing the order of the system. 

In this view, macroscopic processes contain microscopic processes, and fluctua- 
tions at the micro level can fundamentally change the existing order at the macroscopic 
level. A system can disintegrate into chaos or jump to a higher level of organization 
This higher level of organization is called a 'dissipative structure' Prigogine, 1980 . 
Dissipative structures require more energy to sustain their action, compared to the 
more simple structures from which they unfold. lYigogine ^\9i^i) - emphasizes disorder 
instead of order, instability instead of stability, disequilibrium instead of equilibrium, 
and nonlinear relations in which small inputs can trigger disproportionately large out- 
puts. These nonlinear relations are considered common whereas linear relations are 
considered rare. 

The tht'oretical perspective on movement advocated by Kugler and Turvey is 
called the riatural physical perspective of biological organization because it is grounded 
in the dynamic principles of physical theory the physical theory as outlined by 
Prigogine and ecological realism Ciibson, 1979 . Kssential to the natural physical 
perspective is the dissipative structure concept as advocated by Prigogine. In far from 
eciuilibrium conditions individual degrees of freedom atoms, muscles, organisms - can 
change their behavior from unstable, chaotic, and random to a highly structured organi- 
zation. In the latter stage all the degrees of freedom change or interact simultaneous- 
ly, creating a sort of chemical or biological clock. The highly synchronized behavior 
and enirainment is an example of a self (organization process. The natural physical 
perspective provides an understanding of how macroscopic patterns whether at a 
molecular, biological, or social system level can be temporarily assembled, sustained, 
and dissolved with no a priori set of logical constraints. What emerges is a theory of 
self organizing systems, addressing directly the problem of morphogenesis in which cir- 
cular interactions ' viwoeti low energy kinematic flow lields and high energy force fields 
are fundamental e.g., see Kugler, 198(» for an application to motor develoi)menl . 
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This intricate unity of action and perception is the hallmark of Gibson's 1979 - theory 
of perception. 

Central aspects of the theory of self organizing systems are principles related to 
geometry and physics. The geometric principles are intrinsically related to the process 
of morphogenesis. Morphogenesis is defined by Waddington n970' as the coming into 
being of characteristic or specific form in living organisms. A geometric or mor- 
phogenetic analysis focuses on intrinsic symmetries (also called 'similitudes'), and how 
these symmetries are sustained under some scale changes ^structurally stable) and an- 
nihilated under others structurally unstable). A physical analysis focuses on the 
identification of these symmetry -breaking mechanisms and on how qualitative changes 
'•'bifurcations' occur *e. g., Abraham & Shaw, 1984>. Nonequilibrium nonlinear ther- 
modynamics is the area describing these symmetry ^breaking mechanisms. 

Any spontaneous process results in an increase in the disorder of the system and 
its surrounding. This is essentially what is stated in the second law of ther- 
modynamics. Closely related to the second law is the entropy concept, which is defined 
as a state or condition of matter and energy identified with randomness or disorder. A 
corollary of the second law is that physical and chemical processes evolve in the direc- 
tion of maximal entropy, i. e. maximal disorder. When the entropy of a system 
remains constant, the process is called reversible. This could occur theoretically in an 
isolated system where no change of energy and matter with the surrounding is possible. 
In contrast to reversible processes, the entropy production is always greater than zero 
in irreversible processes. These irreversible processes are unidirectional, and are the 
hallmark of open systems. In an open system energy and matter can be exchanged 
with the surrounding. In isolated systems the entropy production increases until ther- 
modynamic equilibrium and the spontaneous formation of new states of structures is 
not possible i.Nicolis & Piigogine, 1977; Prigogine. 1980 K For an open system, how- 
ever, the competition between entropy flow in the system and the exchange with the 
environment permits the system to adopt new structures and new forms. Open systems 
are in a steady state, whereas isolated systems are in true equilibrium ^von 
Bertalanffy, 1968'. 

In conditions near equilibrium thermodynamic forces are weak and the response 
to sn*all perturbations from the steady state results in a damping behavior linearly 
proportional to the magnitude of the perturbation. This response to perturbations is 
similar to the behavior in the equilibrium condition. As a consequence, the develop- 
ment of a new and more complex order is impossible in this linear range of the equilib- 
rium condition Prigogine. 1980 -. When the perturbatiotis acting on the system exceed 
the linear range, the independence from fluctuations atid the stationary state of the 
system disappears. Fluxes now become more complex tionlinear functions and under 
certain conditions far from equilibrium fluctuations may be amplified bringing the sys- 
tem to a new order. 

The term 'dissipative structure' emphasizes the close association between struc- 
ture and order on one side, and dissipation or waste on the other (Prigogine <Sr Steii- 
gers. 1984 ■. In classical linear thermodynamics heat 'or the incoherent transfer of 
energy was considored a form of waste, but in nonlinear, nonequilibrium ther- 
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modynamics this transfer or enerjs^y dissipation becomes a source of order. P"^ar from 
equilibrium a marginal state of stability is created in which a sudden transition moves 
the system towards instability, leading in turn to fluctuations and eventually to a new 
order. Symmetry breaking instabilities can result from scaling up or down a single 
parameter into the nonlinear range. New stabilities may develop beyond a certain crit- 
ical scale value. The critical scale value can be expressed in a dimensionless number 
• also called *;r"number' ), which is intrinsic to the system and expresses the deviation 
from the internal equilibrium state. 

It must be emphasized that dissipative structures are not only characterized by 
their ability to self organize, but also by their ability to resist changing 'nitiai and 
boundary conditions that describe the relation of the system with its environment. 
Dissipative structures are autonomous in that they are relatively unaffected by perturba- 
tions to initial and boundary conditions. Small deviations do not change the behavioral 
pattern of these structures, a principle known as the equifmality principle ivon 
Bertalanffy. 1968 which is an important aspect of dynamic mass spring models in 
motor control. 

Mechanical aspects: Scaling relations and pendulum models 

A law based c^ccount of the coordination and control of movement searches for a 
description of the rhythmic movements of the limbs in higher and lower animals in 
terms of the fundamental relations of mass, length, anJ time. Using the wrist pendu- 
lum system as a model for the oscillatory properties of the limbs during locomotion, 
Kugler and Turvey ^1987^ derived a fundamental scaling law that captures the relation 
between periodic time, mass and length : 



where M is the mass and L is the length of the limb or oscillator. Individual subject 
characteristics *e. g., anthropometric or internal control aspects.' are viewed as non- 
uniform coordinate spaces in which the invariant law is embedded. These are evident 
In different scalar and vector potentials and indexed by ai and Ci, respectively. 

Kugler and Turvey > 1987 ' analyzed the different gaits in a variety of animals 
from data by Pennycuick ^1975-. Regression analyses in double log coordinates 
revealed that for the walk, trot, and canter periodic times scaled, apporoximately, to 
mass raised to the I 8 power > .16 for walking, .LS for trotting, and .12 for cantering 
and to length raised to the 1 2 power ^ .49 for walking, .48 for trotting, and .44 for 
cantering ^ As animals increase or decrease locomotory speed, there is an increase in 
the irreversible flow of chemical energy into mechanical energy. This transformation is 
a scalar one, however, as the above relations between periodic time, mass, and length 
remain invariant. 

What does distinguish the different coordinative modes is that these regression 
lines do not overlap, i.e., not all periodicities are accessible for each gait. Kugler & 
Turvey suggest that it is the constant of acceleration due to gravity that governs the 
(|uantization of the different gait spectra: 

t 27rN > L ng 2 

For an ordinary physical pendulum, n 1. For walking, trotting, and cantering, n was 
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found to be 1.95. 6.96. and 9.73. respectively. This suggests that different gaits are 
organized around integer nuiltiples of the gravitational field intensity, and that animals 
organize their locomotory patterns on the basis of the reactive forces that emerge in 
the gravitational field. 

Stability properties of mechanical and dissipative systemes 

The mechanical, conservative laws describe physical conditions in which revers- 
ible energy transformation takes place ; between potential and kinetic' without degra- 
dation or dissipation. This system is inherently unstable with respect to external per- 
turbations. A perturbation leads to a change in the momentum and observed behavior 
of the system. This is illustrated in the 'phase plane' configuration in Figure la, in 
which the variable on the abscissa identifies the position variable iX; and the variable 
on the ordinate the velocity A perturbation (small and large) applied to a con- 

servative system will cause the system to adopt a new state ' different orbit in the 
phase plane . 

V V 

I 




FIGURE 1 



a I) 
IluiH' pi am' pittts for a constTvativc a and nonconsfivalivo limit cycle sys- 
tem I) . Tlu' position vaiial)lo is (jm the (jrdinato X and the vt'locit\- variable 
is on the abst'issa \' . 



In nonconservative processes on the other hand, the work c\cie is formed as a 
result of irreversible transformations in the energy distributions from a macro to a 
micro frame of reference. This transfer lakes place from a higher potential source to 
a lower potential sink. (Qualitatively, the behavior of this work cycle is that of a limit 
cycle: a closed orbit in the phase plane see Figure lb . Characteristic of the limit 
cycle is it s stability to perturbati(»ns and return to the same stable orbit, following 
different kinds of perturbations. Only very strong perturbations could possibly lead to 
another nutde of organization. The limit cycle is therefore proi)osed as the basic unit 
of an autonomous system Kugler et al. 1981); 198'2 . 
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The contribution of conservative ■ mechaniccil = and nonconservative ^dissipative • 
elements is identified by a dimensionless number called the Q factor. The number is 
obtained by dividing the average energy carried by mechanical processes - Em^ by the 
average energy carried by thermodynamical processes -Aii ' : 

Q-: Em Et t:r' 

A system with a high ()- factor stores a lot of the energy in the macroscopic force 
structure •the oscillations of the linibs, for example). Very little energy flows from 
macro to micro levels and there is no dissipation of energy. A low Q factor is a sys- 
tem that stores very little energy at the macro mechanical level but absorbs most of the 
energy at a more micro level through dissipation. These two systems have very 
different stability features: high Q factors lead to unstable systems, low Q-factors to 
stable systems. 

The Emergence of New Movement Forms : Phase Transitions 
The Interplay between mechanical and dissipative processes 

.A conse(|uence of the framework presented above is that new forms can only 
arise from the interplay between reversible and irreversible transformations of energy. 
A reversible transformation occurs within a single frame of reference, for example the 
macroscopic mechanical. Here we only encounter transformation in the from of the 
energy ^potential and kinetic. Irreversible processes identify the How of energy of one 
frame of reference Miiacroscopie mechanical to another microscopic thermo- 
dyamical '. in which constraints are broken i second law of thermodynamics' and as- 
sembled see Kugler & Turvey. 1987 for a full discussion . This assembly arises from 
the emergence of long range correlations at the micro level. 

An illustrative example of these different energy flow^ and the interchange 
between conservative and nonconservative processes is provided by the dynamics of a 
falling leaf « Kugler & Turvey. 1987; Kugler et al.. 1990 \ When dropped from a 
sufficient height, a leaf might exhibit three qualitatively different modes of organization, 
namly : a translation, a vibration, and a spinning mode. The fu'st is the translational 
mode, in which the leaf is falling down in a more or less straight path. More and 
more energy is absorbed while falling down - the leaf loses potential energy and gains 
kinetic energy until a critical point is reached where this mode is no longe** stable. At 
the critical point height > the leaf self organizes into a new vibration mode. This new- 
mode can consume or dissipate the increasing kinetic energy that is being pumped into 
the system and stabilizes the dynamics. If the leaf keeps falling this mode will evcntu- 
allv become unstable as well, and a new mode that can contain more of the energy 
spontaneously emerges. This third mode is the spinning mode. Kugler and colleagues 
use this example to demonstrate that increasing the amount of energy flow into the 
system can lead to the emergence of new moviMiient forms through a process of self 
organization. In other words, new movement forms emerge through energy exchanges 
of the system with its environment and are not prescribed a priori in the structural 
elements. 

In biological oiganisnis a prereguisite for the emergence of these new forms is 
the coupling between high energy action fields that arise from the internal degress of 
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freedom of the organism < micro .states'- and the low energy perceptual (flow ) fields. 
Due to their on- board energy reservoirs and ability to produce suitably large forces, 
biological organisms can time delay energy transactions and are not guided solely by 
the reactive forces that arise from the organism's presence in the environment (Kugler 
& Turvey, 1987 ). These nonmechanical interactions have been termed 'perceptual' and 
emerge through the availability of low-energy fields ve. g., sound, light), which are law- 
fully structured by the high -energy matter fields v layout of surfaces). Flow morphol- 
ogies that can be defined on these low- energy filcds are potential sources of information 
about the dynamics that give rise to them. 

New movement forms or coordinalive structures do not emerge on the basis of 
•hard molded', high- energy force interactions but arise through 'soft molded', low 
energy flow morphologies present in the neural fields. New structures develop through 
a circular causality between the low energy flow fields .perceptual aspects) and the 
high -energy action fields. 

In the following sections we will elaborate on models in which this formation of 
coordinative structures is not construed physically but mathematically. 

The Synergetics Approach 

Relevant to identifying the nature of coordination changes is the distinction in 
synergetics « Haken. 1977; Schoner & Kelso. 1988 ' between order and control parame- 
ters. Order parameters identify low dimensional qualitative states 'macro states*^ of 
the system dynamics, in which changes between modes can be induced by manipulating 
an aspecific control parameter, such as frequency or velocity. Phase relatioi^s between 
body segments are considered order parameters because of their fundamental reflection 
of cooperativity between components in the system r 'micro states'*. Relative phase 
between component (/scillators ffins, hands, legs. etc. can identify different qualitative 
states of the system dynamics ^e. in phase and oul of phase) on which basis changes 
in coordination patterns can be evaluated. 

Synergetics offers tools to study the nature of these phase transitions. Discontin- 
uous transitions are characterized by abrupt jumps between different coordinative 
modes ; these abrupt jumps can occur for very small changes in the control parameter 
nonlinearity Continuous phase transitions are more or less smooth and can occur 
over a larger interval of control parameter values. Critical in distinguishing these two 
types of transitions is the stability of the order parameter: only in abrupt transitions 
instability occurs before the transition point. This instability can be measured by 
means of fluctuations ^ standard deviation' in relative phase or the relaxation time 
after a transient perturbation. The observation of critical fluctuations and correspond- 
ing loss of stability in the order parameter is dependent upon several time scales rela- 
tions. T.„,,- the time over which the control parameter is changed or the system is 
measured ; T,.,.r the local relaxation time after a perturbation ; and T,.<,u' the global 
relaxation time which is a probabilistic entity and indicates the time it would take for 
the system to visit all its possible states without a change in control parameter. If Trn 
• Tohs" T.-Mu then the diffcM'ent qualitative states are considered stationary stable states 
and transitions involve a loss of stability and increased fluctuations. If Tn.r*' T,..,u**- 
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T,.hs then the system is not in a stationary state and no loss of otaDiHty is predicted. 
Control parameter changes can also lead to 'hysteresis' : where and when abrupt jumps 
in coordination patterns occur is dependent on the way the control parameter was chan- 
ged, I'arametric changes in which the control parameter increases and decreases can 
lead to different coordinative modes at the same control parameter value. 

Schoner et al. 0990) proposed a model of quadrupedal gaits and gait transitions 
based on the synergetics approach. They defined symmetry as the invariance of the 
phase vector representing the phases of the component oscillat<)rs. Patterns like the 
gallop, trot, and pace are symm.etrical with respect to spatial symmetry operations of 
lefi right limb and front hind girdle exchanges, as well as temporal inversion, and can 
be considered stable independent attractors of the system dynamics. Attractors iden- 
tify preferred modes of organization, and the limit cycle in the phase plane 'see Figure 
lb is an example of an attractor. A pattern like the walk, however, is multistable 
under these symmetry requirements: two alternative modes, the 'straight* and the 
•reverse" walk, can exist as dynamically equivalent degeneracies i Schoner et al., 1990'. 
which can only become stable independent states when symmetry breaking occurs 
through I'jwering the symmetry of the dynamics. Under certain symmetry conditions 
and parametric changes both abrupt and continuous changes in the coordination 
between homologous and nonhomologous limbs are predicted. This in contrast to 
observations from bimanual hand and finger movements where abrupt changes have 
been observed llaken et al., 198;"); Kelso et al.. 1986-. These different transition pat- 
terns can be related to the number of components and asymmetries in the system that 
reflect different stabilities in the relative phase between the component oscillators, 
which in turn are reflections of the overall stability and adaptability of the movement 
control system. 

Dynamical models : The importance of control parameters 

(;iass and Mackey 1987 recognize the human body as a complex spatio tempo- 
ral organization, in which different diseases emerge when the normal organization 
breaks down and is replaced by some abnormal dynamic. This so called 'dynamical 
diseases* approach investigates the nature of abnormal biological rhythms on the basis 
of nonlinear mathematical models, in which control parameters are essential in inducing 
a pattern change. Although it is evident thcit pathc^logies are related to structural 
abnormalities as well as system control processes, the latter have received scant atten- 
tion in the medical literature. 

Cflass and Mackey distinguish three types of ciualitative changes in dynamical 
diseases, i. cm 1 the appearance of regular oscillations in a biological control system 
that normally does not show oscillatory behavior; 2 the appearance of new per- 
iodicities in a process that is already periodic; and ?> the disappearance of rhythmic 
processes. These ((ualitative changes can be observed in movement coordination pres- 
ent in standing and walking: the initiation of gait involves starting a rhythmic process, 
cnordination changes during walking often involve introducing new periodicities, and 
stopping re(|uires the disappearance of the on going rhythm. 

Akamatsu et al. 19S(i have rcrently developed a dynamic model of the oscil- 
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lalory properties of the It'nj^th tension relations in human muscle based on a population 
dynamics model or logistic difference eiiuation by May 1977 : 



where is the generated muscle length or joint angle at moment n, X:-,.. the length or 
angle at moment n - 1. and a \> a control parameter, for example indicating the degree 
of muscle activation. This model is able to generate very different movement 
dynamics as a function of scaling the control parameter a. When a has iow values the 
model predicts that from moment to moment there aiv no s\-^tei.'iatic changes in muscle 
length or joint angle, hi d\namical terms, this state of organization is called a 'fixed 
point attractoi''. When a is increased the stead\" state remains until a reaches a criti- 
cal value, at which point the mu>cle length or joint angle starts to oscillate between 
tW(» tixed values from one moment to the next, and the dynamic of the 'limit cycle' or 
'periodic attract or* emerges see Figure Id . If parameter a increased even more then 
a period doubling occurs from a period 2 to a period 4 to a period »S oscillation, and so 
on. Eveiitualh, when a reaches a critical value the oscillations are not periodic, but 
almost periodic or '(juasiperiodic'. At even higiier valises of a there is a change to 
'chaotic' dynamics in which the movement becomes more and more unpredictable. 
These (jualitativt- changes from steady state to periodic to quasiperiodic to chaotic 
behavior are also referred to as 'bifurcations'. An example of a bifurcation diagram is 
presented in [*1gure 2. The control parameter a is plotted on the abscissa, and the 
var!atit)n> in muscle length or i{)int angle on the ordinate. 

'Iliis dynamic model demonstrates that a simple mathematical model for muscle 
(tr population d\namics can generate' complex t\pes of oscillatory behavior, and that 
bifurcations betw(.'en these dilferent dynamics occur for vt-ry specihc values of a single 
control parametei". In the dvnamical diseases approach the existence of multiple rhyth- 
ms or periodicities dt)es not have to imply that the underlying organi/^ation of the 
movement control variables ha> to be complex, i. e. that all these periodicities have to 
be rL'presented in the contrt)! system. On the contrary, manipulation of only one con- 
trol parameter can generate different t\pe> of d\namic>, langing from no observable 
periodicity to simple ai.d complex oscillations. 

Winfiee U>sn ; U>s7 . (.ne of the pioneers in research on biological rlnlhms, de>- 
cribed and modelled pha.>e resetting d\namics in a wide variety of biological organisms. 
Mosiiuitos, for exampk*. show a circadian activity pattfin of approximately hours; 
their humming increasi'> at >un>et and sunrise. When a group of these mu>Ciuito> is 
kept in a dark cagi' thi'\" I'xhibit their rt^gular hour c\cle. Afier appUiiig a >trong 
light pul^e for about 7..') minuter. howL'ver, there i> a shift in the pha>e or rhythm of 
activity ; lhi> >hift is iMthi'r a dect'k'ration (»r an acceleratioii with respect lo the old 
pha>e or rhx'lhm. In the plot wi old phasL' vi'i>u^ new phase these shifts can be st-en as 
oscillations around thi' diagonal reprtSLMUing no phase shift, where new phase equals 
old pha^i' . Thi^ resetting of rh\lhmic behavior in which thei'e is only a slight shift 
with reaped to thi» old phase is calk'd *typi' T or uneven phase resetting. A dilferent 
type tif phasi' ri'si'tting occurs wlu'n a strr)ng stimulus with a duration n\ 2 ht)urs 
instead t)f 7..') minuti's ri'si'ts tlu* activit\ patterns of the muscjuitos to (uie complete 
period. This tvpe of pbasi- ri'si'tting called 't\pe <>' oi rven rcM'tting and tin- changes 
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FIGURE 2 Bifurcaliun diaj^rain wiili conuol paraiueicr a on iho abscissa and ihc varialicm 



\\\ luusck' kiiKht or joint an^k' on liu' oidinaitv Hit'uicalions take place al 
^pi'cific valuer of ihr c<iiUiol parjinu'irr At the liiM l)ifureatioii point the 
(iynaniic chanj^es from a steady state no osciUations to a stal)le hniit c\cle 
period two oHMUation in whicii two diffeient joint anj^le conlij^inations are 
adopted during a c\cle. At hij^her values (►f a a bifurcation to a i)eriod \ oscil- 
Union einerj^es. aiul at e\en hij^her values a bifurcation to a period etc. 



in new phase lake place around a hDrizoiital line. 

Win free has further developed these different types of resetting in so called 'tiiiu* 
crystals', that i"epresent the K<-'<>nietric properties of old phase versus new phase as a 
function of changes in a control parameter, such as the duration of the li^ht jnilse in 
the example above, (iradually increasing the pulse duration wil! change the rcsettiiiK 
cur\e from une\en to e\en from type 1 to type 0 . The point where this transition 
occurs is called the 'sinKularit\- point', if a stimulus of a particular duration aiid ad- 
ministered at a certain moment in the on K^>iiiK pattern brinies the system in this siiiKU- 
larity point, then the oscillation is extinguished or can become chaotic. 

'I'hese models are important in different ai"eas of medicine, like sudden heart 
death in which no known structtiral abnormalities could he detected (ioldber^iT ot al., 
VM\ . 'i'hey (kMiionstrate that patholoKios caii arise from specific constraints on the 
dynamii's. W'infree's time cr\stal models also show that different t\pes of phase reset- 
ting do not have to be attributed to difl'erent 'clock* mechanisms in biolo^dt-""al systems; 
the\ simply arise as a restilt of tlu» sajiie tinderlyiiiK dynamic when system control 
t»arameters are scaled. 

We now turn to disctission of the application of dsiiatiiical s\stems' principk^s 
and tlu' rele\anc(^ of control parameter maniptilations iti the investigation of ^ait 
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changes and stability of , gait in nornial and pathological human walking. 

Empirica! Data : Transitions and Stability in Locomotion 

In bipedal locomotion coordination patterns like the walk and run have been 
identified as qualitatively different modes. It is often assumed that within these modes 
only linear scaling can occur: the studies were focused on changes in spatio-temporal 
characteristics in the step patterns of the lower extremities did find systematic linear 
increases in stride frequency and stride length when walking velocity was increased U\ 
g.. Andriacchi et al.. 1977; Larsson et ak. 1980). A number of studies, however, sug- 
gest a transition in frequency and phase relations in bipedal walking '"ithin the velocity 
range 0.75 1.0m s (e.g.. Craik et al., 1976; van Emmerik and Wagcnaar, 1992; 
Wagenaar & Beek, 1992 ; Wagenaar & van Emmerik. in press \ 

This section focuses on the identification of different coordinative modes and the 
nature of transitions between these modes in human walking using tools from the 
dynamical systems approach. The question is whether the changes described in the 
model of Schoner et al. '1990; on quadrupedal locomotion also occur in the human 
bipedal walking mode. Coordination changes in relative phase between thoracic and 
pelvic rotations, as well as between arm and leg movements, were examined while 
movement speed and stride frequency were manipulated as control parameters. The 
nature of the transition and the stability of the pattern can be characterized by the 
variability in the order parameter relative phase : abrupt transitions between coordina- 
tive modes show large increases in variability of relative phase before and at the transi- 
tion point, whereas more gradual transitions do not show these increases in variability. 

Transitions in the kinematics of the trunk 

Changes in coordination patterns as a function of walking velocity have also been 
observed for motions of Ihe irunk and head during locomotion 'e.g., Cappozzo et al.. 
1981 ^ Head, thorax and pelvis move in coordinated fashion in order to minimize 
mechanical energy variations during the walking cycle. Coordination problems in trunk 
rotations have also been identified as determinants of movement pathologies in stroke 
patients 'Wagenaar & Beek, 1992) and Parkinsonian patients (Murray. 1978; van Em- 
merik et al. 1993 

Wagenaar and Beek 1992^ observed systematic changes in the phase relation 
b^^ween pelvic and thoracic rotations by continuously scaling walking velocity. This 
phase relation changes from a more in phase pattern - about 2^ degrees' at low speeds 
to a more out of phase pattern 'about 120 degrees at higher walking speeds. Dimen- 
sionless analysis revealed changes in the coordination of trunk and pelvis rotations: an 
optimal coupling in the coordination of the trunk and a sudden increase in transversal 
l)elvic rotation emerged in the velocity range 0.75 1.0m s. 

Our present data elaborate on these findings and investigated the }uitu}r of these 
coordination changes and the stahilify of the patterns. In Figure 3 is presented the 
changes in relative phase between pelvis and thorax as a function of walking velocity 
for a healthy subject and a patiqnt with Parkinsons disease. In the healthy subject 
bold solid line relative* phase changes from a more in phase relation at lower veloc- 
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FIGURE 3 Chanj^es in mean relative phase between pelvis and thorax for a control subject 
solid lines and a I Parkinsonian patient dashed lines as a function of ncreas- 
inK and decreasing walking velocity on a treadmill. The mean relative phase 
{)ver an (Mitire stride c\cle is plotted in bold lines, the stability in relative phase, 
expn^ssed by the standard deviation, in thin lines, m -'mean. sd- standard devi- 
ation, c control, p patient. 

ities to a more out -of-phase relation .at higher velocities. The standard deviation of 
relative phase - thin solid line^ increased < stability decreased) at intermediate veloc- 
ities as compared to the standard deviation at low and high walking velocities. This 
indicates that there are two more or less stable coordination modes, with in between a 
region of lesser stability. This increased standard deviation at the intermediate range 
couid be 'critical fluctuations' as predicted from synergetics. It should be noted that 
not all subjects do show this same patten', of stability changes ; in some subjects no 
systematic changes in stability as a function of walking velocity were observed. These 
different transition mechanisms suggest multistability u. e., multiple stable patterns.' ai. 
lower walking velocities. 

\n the gait dynamics of patients suffering from a variety of neurological disorders 
it is generally observed that the movement patterns are less adaptive. We have 
proposed that the movement cooidination problems in patients suffering from Parkin- 
son's disease and hemiplegia after stroke can be related to a general inability to induce 
phase transitions. In Parkinsons' disease patients differences related to th(*se transition 
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dynamics are observed vsee for more detail, van Emmerik et al.. 1993 . In research on 
movement control problems in Parkinson s disease, the main clinical symptoms of rigid- 
ity, bradykinesia, nnd tremor have been assessed in isolation. From a dynamical per- 
spective we have examined these symptoms in terms of a general inability to impose 
transitions in coordination patterns in these patients. We consequently searched for the 
most relevant control parameters that could be systematically scaled so that new coor- 
dination patterns can spont^meously iMnerge from the underlying dynamics. 

An example of such a transition problem is depicted in Figure 3 : in contrast to 
the changes in relative phase in the healthy subject, on systematic changes in the rela- 
tive phase between pelvis and thorax were observed in a patient with Parkinsons's 
disease see dashed lines . The relative phase remained in an almost in phase relation 
at a variety of different velocities, although decreasing the velocity resulted in larger 
phase differences at comparable speeds than increasing velocity ^'hysteresis . In addi- 
tion, there was a very low variability of relative phase, indicating high stability in the 
relative phase between pelvis and thorax, that did not change with walking speed. 

In stroke patients movement coordination problems arise as a consequence of 
lateral asymmetries that result from a hemiplegia. But these coordination problems 
are not only related to arm and leg movements; the moven^ent of the trunk is also 
severely affected as was shown in a dimensionless analysis by Wagenaar and Beek 
1992 '. We recently investigated the effects of using an imposed step frequency as the 
control parameter on changes in trunk rotation. No large changes in trunk rotation 
were observed as a function of frecjuency. but the type of rhythm did seem to make a 
difference. When the subject was instructed to move both arms and legs to the rhythm 
of a metronome, the observed phase difference in the trunk between pelvis and thorax 
was larger than when the subject was instructed to only move his legs to the rhythm of 
the metronome. This larger phase difference is a more stable pattern, especially for 
locomoting at higher velocities where it is linked to a reduced spin in trunk rotation 
and an increased pelvic rotation to lengthen the stride. 

Transitions in kinematics of upper and lower extremities 

Craik et al. 197H observed an 'abrupt' change in the freciuency relations 
between upper and lower extremities as a function of walking velocity: below 0.75 Hz 
the fre(|uency relation was 2. 1, above O.Tf) Hz the frecjuency relation was 1 : 1. jack- 
son et al. 197K have suggested that this switch from a 2 : 1 to 1 : 1 freciuency coupling 
might arise within the upper extremity due to period doubling in the oscillation of the 
fort'ann These different freciuency relations are related to changes \\\ the relative 
phase between the two arms. 

In our research \Vag(Miaar c^C: van Kmmerik, in press observed in 6 healthy 
Mibjcrts a general ehangi' from an in phase or allornating pattern at lower and interme- 
diate velocities to a more out of phas' pattern al higher velocities. Similar stability 
characteristics were observed as in the trunk: at intermediate velocities around 0.8 
0.9 ni ^ lo^^ of stabilitv rould occur. These lindings are consistent with freciuency 
change^ that can occur as a function of walkifig velocity. At walking velocities lower 
thai] 1.0 m s the dominai ' peak freciuency in the arm coincides with the step frequency 
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in the le^. At 1,0 m s there is a transition to a synchronization with the stride fre- 
quency in the le^. Although stride and step frequency components are present at all 
walking velocities, the change from locking onto step to locking onto stride frequency 
occurs between 0.9 and 1,0 m 's. 

Using the model of the simple gravitational pendulum tsee equation 2^ two coor- 
dinative modes with preferred frequency <'0.9'1.1 Hz) were observed: one at lower 
walking velocities around 0,5 m s in which the arms were locked onto the step fre- 
quency, and one at higher walking velocities around l,2m/S in which the arms were 
locked onto the stride frequency. The model predictions of the gravitational pendulum 
predicted the periodic data most accurately using an integer value of n~2 in equation 
;2>. These data are consistent with earlier findings frorn Holt et al., n990> who found 
a similar constant for the lower extremities while subjects walked at their preferred 
tempo. These data confirm Kugler and Turveys 0987.) proposed quantization of the 
gravitational field constant and suggest that the movement dynamics in human walking 
may, at least in part, be consistent with physical conservations. These two different 
modes were not always observed, however, but the data suggest multistability Cthe 
existence of more than one pattern) at the lower walking velocities. 

Both stroke and Parkinson s patients showed less adapations in arm movements 
as a function of walking velocity or stride frequency as compared to normal controls. 
In Figure 4 the effects of an auditory rhythm uiietronome) on the relative phase 
between the two arms are presented for a Parkinsonian patient and a control subject. 
Both were intructed to adapt a step frequency in tune with the rhythm. The control 
subject clearly shows a change to a more out of phase pattern at higher frequencies 
-a more stable pattern-, but the patient does not make this transition at all. 

That manipulations of control parameters such as walking velocity and imposed 
external rhythms can change pathological movement dynamics, is demonstrated in the 
effects of velocity on pathological arm tremor during treadmill locomotion. At low 
velocities (0.2m s\ where arm swing was minimal, the dominant frequency in the 
power spectrum was the patholf)gical tremor in the 4 6 Hz range (see Figure 5 upper 
right panel), hicreasing the velocity reduced this pathological tremor, and at a about 
0.8m s the pathological tremor virtually disappeared. The dominant tremor in the 
spectrum of freciuencies was now the regular oscillatory frequency of the arm, which 
was closely coordinated and coupled to the rhythm of the leg ^see Figure 5 middle 
panel-'. Interestingly, when walking velocity was subsequently deci*eased fi*om 0.8 to 
0,2 m s, the pathological tremor did not reappear at lower velocities, and the dominant 
fre(|uency in the arm was still synchronized with the oscillation in the leg ^ see Figure 5 
loW(M* panel . This is another example of the phetiometion of hysteresis in the control 
of locomotion. These observations reveal the plasticity \n movement control and sug- 
gest that walking velocity is an important control parameter that can affect pathologi- 
cal tremors ajid oscillations during locomotion as predicted by the tremor models dis- 
cussed above. 

The data presented in the previous example indicate the flexibility in the move- 
ment control system and hysteresis in coordination of walking. Observed patterns are 
dependent on the nature of the control parametei, but also on the way the control 
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FIGURE 4 Chanj^es in relative phase between left and right arm for a control subject and a 
patient with l^arkinson's di case when s^'steniatically increasing and decre^ising 
step frequency on a treadmill, 

parameter is scaled, in this case whether walkiiiR velocity was increased or decreased. 
The data also support the predictions from logistic models of May (1977^ and Akamat- 
su et al. <1986) in that scaling a single control parameter can systematically effect the 
nature of the dynamics. 

The tools utilized also show the movement impairments of these patient groups 
and the general inability to change pattern, but suggest that with the right choice of 
control parameter transitions can indeed be elicited. The transition problems can arise 
due to an inability to impose fuudiomd asymmetries that arc, according to Sch5ner et 
al. n990). essential in inducing a pattern change. The pathological asymmetries in 
stioke patients vhemi paresis) and extreme symmetries often observed in Parkinsonian 
patients (rigidity) could very well interfere with imposing these functional asymmetries 
e.g., disbalance when going from standing to walking). 
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FIGURE 5 Kt'sottin^ of Parkinsonian lrcMiu)r during locomotion on treadmill while systemat- 
ically increasing walkinj^ velocity from 0.2 m s 'upper panel* to 0.8 m s * mid- 
dle panel , and decreasing aj^ain to 0.2 ms lowet panel '. I\ita present the 
different fre(|uency components in (he m(»vements of tlu' k'ft leg left panels' 
and the k'ft arm ri^ht panels'. 
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Implication foi Motor Develoment 
Relative phase dynamics 

The tools from dynamical systems theory as presented adove can also be applied 
Ic) the study of developmental transitiens in locomotory patterns, A number of studies 
have emerged that examined the dynamics of movement coordination in young infants 
and children e.g.. Clark et al., 1988; Thelen, 1986 , Based on relative phase analyses 
of interlinib and intralimb coordination. Clark and colleagues e.g., Forrester at al, 
1993 maintain that infants achieve adult coordination patterns in both walking and 
running. They identiiied the relative phase relation between footfalls as a suitable 
order parameter, but could not identify systematic differences between infants and 
adults. Both revealed on the average a 51)% phase lag between the limbs' cycles. The 
only difference observed was that younger independent walkers with U^ss than 3 months 
walking experience had higher variability in the relative phase measure. Similar ohser- 
vations were made concerning relative phase measures in intralimb coordination in the 
lower extremity. Discrete relative phase analyses of thigh and shank angles revealed 
similar phase angles between adults and infants at different developmental stages for 
both walking and running. 

The conclusions of Forrester et al. 1993 regarding observed similarities in rela- 
tive phase dynamics between adults and infants seem preliminary in light of the data 
presented above. A fiO^o phase lag between consecutive footfalls probably reflects more 
the constraints imposed on the locomotory sequence than a true difference in dynamics. 
Namely, in loconioting forward., one would only expect deviations from the fiO^o phase 
lag in case of clear left right asymmetries. In addition, inierlimb relati\'e phase 
dynamics might differ between adults and infants when we take the dynamics of the 
v/hole body into account such as relative phase relations between upper and lower 
extremities or between the two arms. 

Finally, the analyses were based on relative phase dynamics in the sagittal plane 
of motion. As our own research has demonstrated, changes in relative phase in trunk 
dynamics occur also in the transverse plane of motion. It is well possible that exten- 
sion of relative phase analyses in infant trunk motion to these other planes of motion 
will reveal important differences as compared to adult patterns, and might be a distin- 
guishing feature in movement pathologies. Indeed. Sutherland et al. 1980 observed 
an increased external rotation of the hip. and increased pelvic tilt in young infants as 
compared to adults, (iiven the style of locomotion of young infants, in which the 
movement of the center of gravity is i)roportionally larger in the transverse plane of 
motion and the infants' weight is more explicitly shifted frotii left to right side, changes 
in the relative phase d\namics in the transverse or frontal planes of motion may be 
expected. 

Therapeutic strategies 

Schol/ 1990 discusses therai)eutic strate^^ies inspired by th(^ dynamical systems 
approach in children with cerebral palsy. These children often locomote on all fours 
using a hopping pattern 'bunny hop* . a (juadrupedal pattern of interlinib coordination 
where iimh> at the same girdle pelvis, shoulder' mow in phas(\ and limbs at dilTercnt 
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girdles move out-of-phase. As Scholz indicates, one goal of nwement therapy might 
be to induce a reciprocal pattern. Relative phase measures between the four limbs 
could be relevant order parameters to evaluate coordination changes. Possible control 
parameter could again be locomotory speed. Children who exhibit this hopping pattern 
appear extremely stiff, and this increased stiffness might make functional asymmetries 
and switching to a new coordination pattern difficult. One of the important aspects of 
dynamical systems theory is to elicit new patterns without the child's conscious effort. 
Control parameters play a crucial role in this process, and failure to observe treatment 
effects might be the result of an inappropriate choice of control parameter or, more 
importantly, not taking the control parameter through a sufTicient range so that critical 
values are reached and. possibly, a pattern change. 

In the preceding example, if locom-.tory speed turns out to be an important con- 
trol parameter that can change the hopping pattern ^ for example by systematically 
manipulating speed on a treadmill', then the old pattern can be destabilized by the 
systematic manipulation of speed in which different patterns .i.e.. the reciprocal pat- 
tern ' emerge. PIxercising at specifically chosen speeds can act to destabilize the old 
pattern, which is considered very stable given the high stiffness in these children. The 
result could be an increase of fluctuations in i^erformance vi. e.. in relative phase rela- 
tions-, which is considered essential in the creation of new patterns. This stability can 
be evaluated by measuring the fluctuations in relative phase or by assessing the recov- 
ery from an externally imposed mechanical perturbation. The recovery time ''local 
relaxation time'- following such a pertubation is an indicator for the amount of stabil- 
ity in the system ; a long recovery time implies an unstable system, a short recovery 
time a stable system. Close to a phase transition the relaxation time f (allowing a per- 
tui^ation increases, signalling an imminent phase transition. 

In summary, therapeutic strategies based on dynamic systems theory should focus 
on: 1 identifying the ivlevanl order oarameters that characterize the coordination 
dynamics : 2 identifying aspecific control parameters that can induce a pattern change ; 
:i manipulating the control parameters through a sulticient range so that instability 
emerges, a necessary prerequisite for the formation of new. stable patterns; and 4 
using external rhythm^ or oscillators to establish synchronization or entrainmenl 
between different body segments. 
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A NATURAL PHYSICAL PERSPECTIVE ON THE DEVELOPMENT 
OF INFANT EYE-HAND COORDINATION: 
A SEARCH FOR THE LAWS OF CONTROL 



Geert J. P. Savelsbergh and 
John van der Kamp 

Free Univo'i^ity, Amsterd(on 



The goal of the article is to describe a research paradigm with respect to eye 
hand coordination. Basic concepts of ecological psychology v information and 
affordances*. of non linear dynamics .order parameter, control parameter and stabil- 
ity \ and of the natural physical approach 'the laws of control' are discussed. The 
article will conclude with a description of the research program as currently conduct- 
ed within the proposed research paradigm. 

Key words: Informntion. affordances. order und control parunioters. stjibility. 
laws of control. 

Introduction' 

The starting point of our research program concerning the development of 
infant's eye hand coordination is the natural physical approach based on the work of 
Bernstein '1967'.. Gibson -1979 - and Kugler, Kelso and Turvey d982). According to 
the coordinativc structure theory proposed by Kugler et al. '1982 \ development of 
coordination is brought about by changes in the constraints imposed upon action. 
Three categories of constraints have been proposed: organismic '.e.g.. nerve system 
task e.g.. reaching with one hand - and environmental ie.g., large object ' * Newell, 
1986 >. These different constraints do not operate in isolation, but interact with each 
other, leading to a task specific organisation of the coordination pattern. Hence, con- 
straints have to be defined for the organism environment complex: properties of the 
organism and the environment collectively determine movement possibilities. 

The purpose of :.he paper is to show that perception and movement should 
considered as inseparable Kugler & Turvey. 1987 : Savelsbergh \*an der Kamp 
199o'. This coupling of perception and movement is approached from a developmental 
perspective. To lay a basis for this, the concepts of direct perception 'Ciibson, 1979: 
information and affordances\ of non linear dynamics 'Zanone. Jeka & Kelso. 199.'^: 

' Portions of thi^ article havo hvm published in a more exlensivf form by Savelsbergh iV: \ an 
dot Kamj) \\m as Chapter 11 inC.J V. Savelsbergh lul. . Tin lhtrlo(>imnt ohotiiutitum 
in i))Uin>\- pp ~S?) :U7 North Holland. lOUuvirr. 
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order and control parameters, stability) and of the natural physical approach (Kugler, 
1986: laws of control) are discussed. The article will conclude with a description of 
the research program with respect to eye - hand coordination as currently conducted in 
our lab. 

1. A new approach to perception and movement 

One of James Gibson's (1979) most famous citations is 'We must perceive in 
order to move, but we must also move in order to perceive* (,p. 223). Information 
guides the movement, and through movement new inforn:ation is generated and 
becomes available to the actor. What precisely is meant by 'information ? 

L L Infoynudkni 

Gibsons (1979"* ecological approach to visual perception is also known as direct 
perception. The word 'direct' refers to the fact that objects, places and events in the 
environment are unambigiously specified in the optic array. This information can be 
picked up by the perceiver without the need to interpret it. Hence, no cognitive media- 
lion is needed in order to make perception meaningful. In 1988, his wife and colleague 
Elf^anoi" Gibson wrote : 

The old view of perception was that "input" from stinuiii fell upon the retina, creating; a 
meaningless iniaKt' eoniposed of unrelated elements. Static and momentary, this image had to 
be added to. interpreted in the \\^\\{ of past experiences, associated with other imaKOs. etc. 
Such a \'iew of perception dies hard, but die it must. There is no shutter on the retina, no 
such thinR as a static ima^e. F"urthermore. perceiving is active, a process of obtaining; infor- 
mation about the world We don't simply see. we look. When we seek information in an 

optic array, the head turns, the eyes turn to fixate, the lens accommodates to focus, and spec- 
tacles ma\' be applied and even adjusted by head position for far or near looking p. 5-. 

In this view the information in the optic array is not static in time and space. It 
specifics events, place and objects. Therefore, when a child detects the information, 
she or he perceives events and not some kind of discrete stimulus that has to be inter- 
preted. This concept of information is closely related to the concept of affordances. 

/. 2. AtUmlanci's 

In Gibson's ^1979' approach the word 'affordances' is a central concept. It ex- 
presses the relation between perceiving and acting: 

The affordances of the eiu ironment are what it offers the animal, what it provides or furnishes, 
either for good or ill. The verl) to afford is found in the dictionary, but the noun affordance is 
not. I have made it up. I mi'an by it sonu'thing that n-fers to both the environment and the 
animal in a way lhat no existing term does. It implies the complementarity of the animal and 
thi' environmi'ut* p. 127 . 

Affordances relate to possibilities for action of an organism in a particular envi- 
ronmenl. Therefore, they relate to the perceivers own potential action system, which 
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implies the use of a body -scaled and not an absolute metric (e.g., meters, kilogrammes 
etc. - for perceiving. 'Body-scaled* means that the coordination pattern is deterniined 
by the ratio between a metric cf the action space and a metric of the actor Cbody 
dimension'. P**or example, for an actor who wants to climb stairs, the coordination 
pattern is specified by the ratio between the tread height (action space/ and the actor's 
leg length ^.metric of the actor ^ v Warren, 1984). Another exaniple is provided during 
the act of grasping of an object. When the object is small, it is possible to take the 
object with one hand. When the object is too big for one hand, two hands are needed. 
When the ratio between hand size 'metric of the actor) and object size uction space' 
reaches a critical ratio, a new coordination pattern emerges, the actors shift from one 
handed to two handed grasping. In the case of stair climbing another pattern is shown 
when the tread height becomes too high «e. g., nonnal tread height for a young child '. 
The child crawls instead of walks. The question that now arises is : how do we detect 
these affordances? By picking up the information specifying and guiding the move- 
ment, affordances are detected. An affordance refers to the fit between the information 
and the action. 

1. 3, The detection of afihrchniees 

Crucial in the detection of affordances is the active exploration of the environ- 
ment see \'an der Kamp & Savelsbergh, this volume'. Exploratory activity '-e.g., 
moving > reveals information and therefore affordances. During development, organis- 
mic constraints .depth vision, muscle power etc.^ change very quickly and therefore 
the exploratory possibilities change dramatically. Consequently, infants start crawling, 
the number of action possibilities increases, leading to the discovery of new information 
and the detection of affordances. Furthermore, by exploratory activities infants 
become more sensitive to relevant information which guides their actions. 

In sum, exploration is not some kind of trial and error behaviour, but controlled 
behaviour. As Michaeland Carello ■ 1981 points out : 

'Iixplt)ration attention is not an unconscious siftlti^ through and subsequent rejection of most 
inputs: It is directed control of what will be detected* p. 70 . 

Exploration is goal directed in the sense that it reveals the coupling between 
information and action or between organism and environment 'A'an der Kamp & Savel- 
sbergh, this volume . Similarly, Kugler, Kelso and Turvey > 1982 • argue that stable 
modes of action 'e.g., walking' emerge from the underlying dynamics of the organism 
environment system and is guided by information specific lo these dynamics. In this 
respect the concept of laws of control is relevant. However, before discussing these 
laws, some concepts from non linear dynamic systems theory need to bo discussed. 

2. Dynamic systems 

Dynamic systems theory provides tools to identify patterns of behaviour, to 
describe changes in these patterns and to investigate what leads to these changes 
Zanone, Kelso ^ Jeka, 199H . In this respect, three main concepts will be discussed: 
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order and control parameters, and stability, 

2. L Order and co^ilro! parcifHi'icrs, sifibiliiy 

An order parameter or collective variable is the parameter that captures the 
behaviour coordination pattern . while a control parameter is the parameter that leads 
the system through different coordination patterns. Within this approach, the be- 
havioural pattern is regarded as a stable collective state attained by the system under 
certain c(jnstraints boundary conditions ' and informational settings ' Zanone et a!., 
1993 . When the control parameter passes through a critical point, a previous coordi- 
nation pattern which was stable in organisation becomes unstable causing a sudden 
discrete transition to a qualitatively different, stable coordination pattern. Let's have a 
look at the same example as in section 1.2. The coordination pattern for grasping an 
object is dependent on .ne ratio of object size hand size. When the object is larger 
than the hand, it will be grasped with two hands stable mode , During development 
the hand will become larger in fact a scaling up which implies that the ratio of 
object hand size changes. At a certain ratio critical point the object will be grasped 
with one hand, and another linie with two hauf^, that is, there is a loss of stability. If 
the hand grows larger, the object will be constantly grasped with one hand, that is, a 
new stable mode emerged. lience, with respect to development, patterns of coordina- 
tion become unstable and even disappear and new patterns of coordination suddenly 
emerge and become stable. We will use this way of describing developmental changes 
in coordination patterns and describe two general laws of control in section 3.2. In the 
previous section, we argued that exploratory behaviour is essential in detecting 
affordances. In the next section we explain the relation between exploratory behaviour 
and stability. 

H. L\ Kxplomtofy behaviour and .stability hi the irorks/mr 

According to Newell and co workers Newell et al., 1989 developmental 
changes in coordination arise from explorations of the perceptual motor workspace. 
The workspace evolves from the circular relations between movement and perception 
or informational processes . It is regarded as a generic concept, in which both the 
building blocks equilibrium or attracior regions whu'h are asymptotically stable solu- 
tions of the collective variable dynamics and the exploratory behaviour to discover 
critical regions border of stability and instability in the workspace arc- universah 
ICxploration of these workspaces is guided by constraints that arise from the 
contigurations of the field processes that characterise the space, hi other words, the 
information organisms utilise to explore the workspace is embedded in the form and 
layout of the gradient and e(|uilibrium allraclor regions that characterise that space. 
P)y means of exploratory behavicuir. the control parameter can be scaled up or down to 
a critical point, and stability and instability rt»gions can be discovered. I^y discovering 
these regions, exploitation of the stabilities and instabilities can be carried out also by 
meatus of exploratory In^haviour . which will lead to an effective solution for accompli- 
shing a spec i lie task. 

Vrnih ^l'^m^ an ecological psychological approach and from a d\namic systems 
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approach, exploratory behaviour is very important. In the former, it is important for 
the detection of affordanccs. in the latter, for the detection of critical regions. In the 
next section we bring these two perspectives together. 

3. Bringing ecological psychology and Jynamlc systems together : a natural physical 
approach 

Kiigler and Tiirvey 1987: Kngler 1986 . proposed laws of control which express 
the lawful relationship between perception and action. Put another way. the laws of 
control involve the relationship between kinematic optic flow fields 'perception'' and 
the kinetics of force fields movement see also Savelsbergh t^- van E^mmerik, 1992; 
Savelsbergh t^- \'an der Kamp. 1993 . 

,V. /. Laics of control 

The relations between information that constrains movement and movement that 
generates inf{)rmation arc consistent with, but }iot rcdiwihk to, natural laws of physics. 
Kugler and 'Purvey 1987 proposed two 'general' ecological laws of control to describe 
these relationships : 

Law of Ecological Optics floiv- F force and 
Law of Specification Junr F flow 

These laws identify the parameters of movement in the kinetic force field that are 
uniquely specified by the information in the kinematic How field and vice versa. 

Warren. Young and Lee >198(i investigated the visual control of running over an 
irregular surface and proposed such a law for this task. While running, the runner has 
to adjust step length to the sometimes changing demands of the support terrain. 
The step length of the runner is determined by the amount of vertical impulse: a large 
impulse causes a long step length force . P\irtherniore, while running, the approach- 
ing irregularities of the surface provide an optical expansion on the retina ifiow -. The 
inve^'se of the relative rate of dilation of these approaching expanding optical contours 
generated in the optical array specifies the time of contact between the observer and 
the environment. This optical variable has bec{)me known as the tait variable - Lee, 
1980: Savelsbergh el al., 1991, 1993 . The Warren et al. study 1986 demonstrated 
that the recjuired duration the step and therefore step length as regulated by the 
amount of impulse, I, between two upcoming targets is specified by the difference in 
lime to eonlacl between two targets difference between the two tau's" delta T' : 

Impulse- mass ■ gravity ^ delta T 
mass ■ gravity is a constant 

'Phis 'ecological' law specifies the relation between a vertical impulse an action vari- 
able and an optical sariable tan a perceptual variable , 

,7. 1\ Ih n Iftphh }ilal lows 

Hy analogy with the aforementioned laws of control, two developmental laws are 
proposed by the authors. "Phese general developmental laws bring together the con- 
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cepts of information and affordances ^section 1.1 and 1.2' and the concept of stability 
'Section 2.1. The two general laws are. for a given time during development and a 
certain set of constraints: 

Law of Possibility affoniancc = stable mode of aetion' 
Law of Stability stable mode of action - FKaffordance ' 

Discovering of new affordances will lead to new stable modes of action *or order 
parameters). These stable modes of action ^i.e.. stability in a particular coordination 
pattern.' are effective solutions for a particular task under given constraints. Changes 
in stable mode of action (due to the scaling up or down of a control parameter) will 
lead to the discovery of new affordances. Savelsbergh and Van der Kamp (1993' 
mentioned the example of an infant who needs both hands to pick up a large object. If 
s 'he is not able to sit without support u. e.. instability of this particular coordination 
pattern*, the infant will not be able to grasp the object. However, in ontogenetic time, 
the postural control will improve (i.e.. the control parameter will scale up beyond a 
critical point' so that the infant will be able to sit without support (i.e.. there will be 
stability of this particular coordination pattern -. At this point, infants will discover 
that the ball is graspable with two hands ' i. e.. there is a new affordanceV 

It is important to note the way in which new affordances are discovered and new 
stable modes of action are acquired. This is achieved by a continuous exploration of 
the perception movement cycle (Newell et al/s ^jerccptual motor workspaces whereby 
the relevant coupling of information and movement is discovered (section 2 and Van 
der Kamp Si Savelsbergh. this volume *. This is in agreement with Warren's * 1990 ■ 
suggestion that dynamic stabilities and laws of control are discovered and exploited in 
the course of development. In other words, exploration serves U) permit the laws of 
control to be discovered for a particular task. 

4. Conclusions and the research program for eye hand coordination 

In the research paradigm outlined in this paper, development is seen as a continu- 
()U;> attunement of the actor to the environment accomplished by repeated exploration 
of the perception movement cycle. This exploration is constrained by internal and 
external constraints and leads to task specific organisations. The important issue is to 
investigate how this coupling between perception and movement develops and to dis- 
cover their lawful relationships. 

The research program concerning infant eye hand coordination within the natural 
physical approach focuses on describing the development of infants reaching and grasp- 
ing in terms of transitions of order parameters and the discovery of the control parame- 
ters inducing these transitions .underlying mechanism' iWimmers. Savelsbergh. Beek 
& Hopkins, this volume'. P\irther. it aims to discover the relevant informational 
'.visual and proprioceptive ; e. g.. Savelsbergh et al. 1991. 1993 > and movement con- 
straints 'Strength; e.g.. Out cV: Savelsbergh. this volume^ controlling reaching and 
grasping behaviour and the way in which infants explore the perception movement 
cycle in order to ac(iuire a stable reaching and grasping pattern ^Van der Kamp & 
Savelsbergh. this volume 
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A striking feature of the early human motor repertoire consists of spontaneous 
kicking movements. The first part of this article gives an overview of the origins of 
locomotor behaviour in vertebrates with special reference to its neural organization. 
The second part concentrates on experiments on the developnient of leg movements in 
human infants. Different attempts have been made to explain the origins of the ob- 
served changes in development. Taking this into consideration, we present the setup 
of our research project and the releated hypotheses. 

"Without being nursed or even >necti}t^ any adidt, many lower rerfehrafes ean 
derclop the appropriate loeomotor nioi:enie>ds and the stratcj^^y for how to adapt to the 
envirnnnient. Many niannnals ean walk and even run niinates after birth. Other 
mannnals. ine biding the cat and rat are immature when bor}i. hat even wJu'}i raised 
in isolation, they mature and become able to walk and run. " - Grilhwr, I9S1 'i 

Origins of vertebrate locomotor behaviour 

One of the greatest problems in controlling complex movements is how to reduce 
the enormous nuniber of degrees of freedom within the animal or its environment 
■Bernstein. 1967*. The problem is equivalent to trying to solve more unknowns (ani- 
mal environment details) than there are equations C desired positions In tasks that 
have proven to be important during evolution, like locomotion, there are indications 
that within the nervous system .here exist certain structures that can be held respons- 
ible for this required reduction of degrees of freedom. In their classical study, Wiersma 
& Ikeda il964) found five interneurons in the abdominal ganglia of the crayfish that 
could be held responsible for the swimmeret movements that were observed. They 
called these five neurons 'command neurons' which were thought to control the activity 
of the whole ganglia. In this way. low dimensional command neurons can be held 
responsible ff)r high dimensional movements on the output side. Many questions 
remain about the exact nature of these degrees of freedom reducing 'one to many 
maps'. An important aspect is the role of feedback. 

In the first half of this century, naturalists interested in the Central Nervous 
System »CNS> formulated two alternative, but not mutually exclusive, hypotheses, 
about how locomotor movements are generated. The first is that centres within the 
nervous system are responsible for activating and coordinating the muscles involved in 
a movement according to a Cvutral Pattern (joieralor ^CIKj). This CF(j can be regard- 
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ed as a cluster of neurons with a variable cuiiount of connections that have variable 
weights. An important feature of the CFG is that the dimension of the output is higher 
than the dimension of the input and that it can generate output without any sensory 
feedback. The second hypothesis is that peripheral feedback elicits a cyclical move- 
ment by a "reflex chain", i.e., an external signal causes a contraction in a muscle or 
muscle group ; this contraction generates sensory information which serves as a trigger 
for the next contraction etc. (e.g., Grillner, IQSlX 

These two hypotheses can be regarded as extreme points on a continuum of 
motor control: at one side of the continuum, motor control is regarded to be an open- 
loop process 'CPG hypothesis), at the other side, motor control is regarded as a closed- 
loop process (reflex chain hypothesis). We think there is another continuum on which 
the reflex chain hypothesis and the CFG concept are extremes, namely a continuum 
from inflexibility to flexibility. By 'flexibility' we mean that it is possible for a system 
to change the input -'output relation. We regard a CFG as flexible in that it is possible 
to make or break connections between neurons and to strenghten or weaken synaptic 
weights. The reflex chain, on the other hand, is in our view less easily adaptable. 
The simple topology is a constraint on flexibility. 

It was Brown U9i4) who explicitly attacked the reflex theory. He anaesth- 
esised cats and observed that complex rhythmical movements occur at a depth of narco- 
sis where reflexes arc abolished. Brown suggested that rhythmical movements are 
'conditioned by the balanced activation of antagonistic and linked efl'erent cycles u)r 
half centres V. exerting mutual inhibition (e.g., Meijer, 1993\ Also von Hoist ^1973: 
criticised the reflex chain theory. He observed that excitatory patterns sometimes oc- 
curred simultaneously, which challenged the idea of chain like patterns. It should be 
noted that this argument is only true if the reflex chain is regarded as a one-dimen- 
sional crmnection. 

Von Hoist performed experimental tests on deafferented or isolated spinal cords 
and established their rhythm generating capacities : an indication that a central rhythm 
generating network located within the spinal cord indeed exists. Other support in 
favour of the CFG hypothesis comes from experiments by Cohen and Walldn il980). 
They were able to show that, under appropriate conditions, the isolated lamprey spinal 
cord produces patterned activity remarkably similar to what one would expect such 
activity to be in the intact swimming lamprey. Other experiments in cats also give 
evidence for a spinal CFG. If the spinal cord is disconnected from the brain, or even 
the brainstem, then as long as the cat s weight is supported by a sling, the cat can 
make typical walking movements. 

A suggestion nicide by Grillner ^198n is that the total output pattern of the lin:b 
could also result from the combined activity of difl'erent burst generators. P^ach unit 
burst generator umit CF(i) is then assumed to produce the rhythmical activity by itself 
and to contain all elements required for the bursting. The actual neuronal mechanisms 
utilized, however, are unknown (Crrillner, 1981). 

It is clear that even though the locomotor patterns can be generated autonomous- 
ly, afferents play a crucial role in modulating the broad features of the motor output 
I Hasan ik Stuart, 1988^. Motor patterns generated in the absence of afferent input are 
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quite labile. A pure open loop control mechanism for the CPG seems not very likely. 
Deafferentiation experiments in cats reveal an EMG pattern that is more 'fragile' : it 
can easily break down in certain sequences and subsequently become reinstated again 
Grillner. 1981 Forssberg. Grillner and Rossignol ^1975) showed that the reaction to 
a perturbation during walking in chronic spinal cats was strongly phase dependent ; 
identical tactile stimuli applied to the dorsum of the foot gave rise either to a marked 
flexion or a marked extension response depending entirely on the phase of the step 
cycle in which the stimulus occurs. This adjustment after a perturbation can be regard- 
ed as an indication for a closed loop component in the control of the CPG, 

It can be concluded that the emergent picture of the neural control of the basic 
locomotor synergy is flexible organization i;i central pattern generators, providing an 
oMtput pattern that may be modified through a complex organization of feedback sys- 
tems acting on both motorneurons. premotorneurons and other CPGs (Grillner. 1981). 
Sensory or descending control systems can be held responsible for inducing the changes 
in gait vCohen, 1988 From this point of view, the CPG is suggested to be placed in 
the middle of the chjsed loop- open loop continuum. 

Development of leg movements in human newborns 

It is of course not possible to experimentally isolate the centres of locomotor 
control in humans as has been done in quadrapeds. The only tools we have to ground 
our hypotheses on are EMG measurements and kinematic analysis of rhythmical pat- 
terns that can be observed. 

Features of newborn stepping and infant kicking are highly compatible with the 
animal based models for locomotion mentioned above. Like other vertebrates, bilater- 
ally coordinated leg activity is evident long before the achievement of erect locomotion. 
Newborn infants in the supine position perform highly rhythmical, regularly alternating 
kicking movements. When infants are held upright, these alternations look remarkably 
like mature walking and have been called the neonatal 'step retlex'. 

Thelen and coworkers >1981) analysed kicking movements in one month old 
infants and concluded that these movements were a developmental manifestation of a 
central locomotor program capable of generating spatially and temporally patterned 
movements of the leg. As cortical structures in the one month- old infants are very 
I)ooriy developed, especially in the motor areas associated with the legs cConel. 1941. 
in Thelen 1981 ». Thelen argues that it is likely that these human pattern generators are 
located lower in the CNS. Another important finding supporting this hypothesis is that 
anencephalii infants can perform patterns of infant stepping that are very similar to 
normal heal'ny new!:)orns > Peiper. 1961 Unfortunately, the role of descending control 
systems cannot easily be evaluated, even when comparisons are made with anencephalic 
children. Without more evidence from other primates demonstrating evidence of inter- 
mediate patterns, it is difficult to km>w how to place these data in the present 
phylogenetic context ^Cohen. 1988 ». 

The most important observations that can be made in human infants concerning 
stepping and kicking movements are the following. Stepping movements can be obser- 
ved immediately after birth. After the age of about two months, these movements can 
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IK) loiiKor be elicited. The most widely accepted explanation for this phenomena is tliat 
niaturinjj cortical centres inhibit a primitive steppiiiK^ retiex. just as other neonatal 
reflexes such as the Moro, tonic neck, palmar and plantar ^I'asp reflexes are suppressed 
as the motor tract develops Peiper. 1%I ; Tomven, 1976 . 

Unlike erect stepping, newborn supine kicking does not disappear. Spontaneous 
kicking remains in the infant's repertoire througoul the first 6 months of a^e. Tnelen 
1982 concluded that kicking and stepping are the same movements and that the cUu^ 
to disappearance of stepping and increase of kicking might due to be in the eonseci- 
uences of the infant's posture rather than in some yet unknown central neural processes. 
There is no agreement anu)ng different authors about the i)bserved changes in frequency 
of the kicking movements. Thelen 1979. 19S2 concludes that the frequency gradually 
increases during the first six months of life and then declines with the onset of crawling 
and walking, (reerdink 1993- analysed kicking movements in fullterm infants and re- 
ported a decreasing freciuency of occurrence with age. The ab.'Ve mentioned Y'ortical 
inhibition theory' as an explanation for these observed changes have been shown to 
provide an impoverished account of the complexities of developmental change Hop- 
kins, Beek & Kalverboer, . More recently, theorists argue that movement prop- 
erties emerge from the physical or biodynamical characteristics of the skeletomuscular 
system e.g., Lockman & Thelen. 1993'. As Thelen 1984' argues, infants undergo 
dramatic changes in the size, composition and proportions of their bodies, and in the 
strength and tone of their muscles. If the control parameters are indeed such factors 
as mass, stiffness and inertia, these must also undergo striking developmental transfor- 
mations. The relatively lean, poorly muscled leg of the newborn, with its dominant 
flexor tone and weak extensor development is an entirely different moving creature 
than the wdl mviscled, fat leg of the B month old. These changes must be viewed in 
cencert with neurological maturation as essential contributions to movement outcomes. 
According to this 'biodynamic' approach, new experiments have been carried out to 
increase our understanding of movement control in infants through the analysis of inter- 
segmental dynamics Schneider, 1990, I'llrich. 1991 . It was coneludt'd that smooth 
trajectories of kicking movements in '\ month old tullterm infants resulted not only 
from the muscle torque which counteracted and complemented gravity, but also from 
motion dependent torcjues generated by movement of the linked segments. 

Another striking feature in the development of kicking movements is the fad 
that the phase relation between the movements of the joints inter and intra limb 
become less rigid Thelen, 198."); Cleerdink, 199'^ . Thelen 1980- argues that matura- 
tion involves a fundamental shift in the timing relationship between antagonist pairs 
from an in phase acti\'atinn to a predictable phase lag, with the acciuisilion of finer and 
more complex patterns of cootdinalion. To explaiti these developmental changes, we 
suggest that the hypothetical Cl'Ci's are more itifUienced by external sources of informa- 
tion with increasing age emanating from higher centres atid proprioceptive itiformation. 
It is likely that // a CP(I is mor(^ influenced by variable external information, this is 
reiiecled in more \ariable output. Thus with age, the CPO becomes less independent 
see Figure 1 . 

Korssberg 198,") made comparable suggestions in the C(intext of locomotion at 
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FIGURE 1 'Vho central pattern jjencrator intiuenccd by oxtornal informal ioti. 

lattM' ages. He described the development of human bipedal locomotion from the first 
day of life until the lirst steps without external support about one year lacv./. The 
main result was that infant stepping, supported locomotion and the first period of in- 
dependent locomotion, lacked several of the functions that are specific to human planti- 
grade gait, Forssberg assumed a hierarchical system for human locomotor control sim- 
ilar to that of quadrupeds, but with additional neural n'lechanisms that transform the 
original pattern. An innate central pattern generator, initially programmed for non 
plantigrade gait, creates the basic infant stepping rhythm. Descending locomotor driv- 
ing systems establish control during the iirst year and give the child the ability to con- 
trol the locomotor activity. Forssberg concluded that man has a unique system which 
inlluences the central pattern generator and transforms the activi., to the specific 
human plantigrade gait Forssberg. 19<S5 \ 

From hypothesis to research questions 

The purpose of our research is to come to a better understanding of changes in 
the coordination of leg movements that can be observed in infants during the first year 
after birlh. The two (|uestiuns we address are: 

1 Assuming that a spinal CP(j exists, whas is the role of proprioceptive ii\form- 
ation in the development of this CPCr ? 

2 What is the effect of changing physical characteristics of the musculoskeletal 
system on the development of spontaneous kicking movements? 

The ultimate goal of this project is to formulate a simplest possible model of 
these components that yield a satisfactory description of the observable development. 

In order to investigate the role of proprioceptive information, kinematic and 
electromyographic, data will be gathered during experimental mahipalations in a longit- 
udinal study with measurements at i\ 12. 18 and 24 wks of age. In order to evaluate 
the effect of changes in the external gravitational force iield. two manipulations will 
be combined. On the one hand, the infant will be placed in the supine and upright 
positions; on the other hand, masses will be attached to the U^gs. To investigate the 
role of kinematic constraints on the activation of ipsi and contralateral leg muscles, the 
movements of one leg will be restricted. During all manipulations head position and 
behavioural state will be monitored. 

As an 'experiment in nature', the same manipulations will be carried out on 
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infants with perinatal brain damage. In these subjects, it is likely that the supraspinal 
component develops abnormally. As it is expected that the spinal circuitry and the 
musculoskeletal system are unaffected in the first instance, it is hypothesised that the 
spontaneous kicking movements will not be much different from ^he mo^'cments of the 
fuUterm at the youngest 'd':^c. With age. the differences are hypothesised to become 
larger. 

Besides gaining insight into fundamental principles concerning the development of 
leg coordination, the relevance of this sti'dy can be sought in two directions. In the 
first place, the results may be of diagnostic salue in medical settings. In particular the 
data concerning the brain damaged children may have Cfmsecjuences for deriving inter- 
vention programmes. In the second place, oui* results may be useful in the field of 
robotics. Modelling a biological system that is able to make adaptations to perturba* 
tions is a typical problem in this field. 
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THE ROLE OF STRENGTH IN THE DEVELOPMENT OF REACHING 



Lia Out and G. J. P. Savelsbergh 

Free University, Antsterdam 



The aim of this study is to investigate whether muscle strength acts as a con- 
straint during the development of reaching. An experiment is described in which 
reaching movements of infants at three, four and five months of age are registered 
31), 50 Hz in three conditions: in supine, in sitting, and in sitting with weighted 
arms. Predictions concerning developmental changes in the kinematics and kinetics 
of the reaching movements are put forward. 

Introduction 

This contribution concerns the development of arm movements in young infants. 
A planned experiment is described in which we aim to go beyond the mere description 
of what an infant docs in attempting to reach for and grasp an object suspended in 
front of him. Our ambition is to explain some of the processes involved in this aspect 
of motor development. 

When an adult reaches out for an object the Hand moves ir. an almost straight 
path towards the object, with highly reproducible patterns of muscle contraction. This 
apparently simple action requires a complex interplay: sense organs pick up informa- 
tion about the distance and location of the object ; the nervous system receives this 
information F^nd somehow provides the right muscles at the right time with the right 
stimulus: and. once activated, these muscles produce the required forces. In the young 
infant each of these subsystems develops at its own pace. It is not surprising then, 
that infant limb movements continuously change in appearance, because ihey arise from 
interactions between these heterochronously developing subsystems. As a consequence, 
simple observation of infan.ile movement does not suffice for a complete understanding 
of motor development. A case in point is the work of Thelen & Fisher (1982i who 
showed thai appropriate experimental manipulations can challenge widely accepted con- 
clusions drawn from observation. Thus, they demonstrated that the disappearance of 
the stepping reflex in infants at four weeks of age could be explained by the disproport- 
ionably large amount of body fat during this period, resulting in legs being too heavy to 
lift against gravity. This programme of research provided the inspiration for the main 
goal of the experiment to be described here: to determine the influence of muscle 
strength on infant reaching movements between three and five months of age. 

Ackno-A-U.dgtMmMU : This research is carried out while the sec(»n(l author h<»kls a fell<»wship 
ftotn the K(»yal Netherlands Academy of Arts and Sciences. 
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The idea that strength can be a constraint on infant reaching is suggested by 
observations in our own lab. showing that children between three and five months of 
age reach longer and with a greater frequency for brightly coloured balls when support- 
ed in a sitting position than in supine (Savelsbergh & Van der Kamp, submitted). 
These findings may be explained by the situation-specific nature of generating strength, 
in that there are contrasting force requirements in sitting and supine, arising from 
differences in the orientation of the infant realtive to the force of gravity. Lifting an 
arm in order to reach requires a certain minimal force : muscles around the shoulder 
joint must generate torques large enough to overcome the torque that gravity imposes 
on the arm ^see Figure 1 The torque to be overcome becomes larger when mass 
increases and when the moment arm (the distance between the centre of mass of the 
arm and the shoulder ^ increases, for torque is the product of force and moment arm 
and force that of mass and acceleration. On the other hand, the torque that the mus- 
cles can generate depends on their maximum force, that is, on the amount of muscle 
material in parallel, and on the muscle's moment arm with respect to the joint. All of 
these parameters are liubject to change during development, and whether an infant's 
force suffices to lift the arm depends on their relative contributions: the ratio between 
fat tissue and muscle tissue can, for instance, be so high that the mass of the arm is 
too large with respect to the cross sectional area of the muscles. In addition, the ratio 
between length and circumference of the segments can be so high that the moment arm 
of the gravitational torque is too long relative to the muscles' cross sectional area. 
Maresh M96P measured tissue shadows on roentgenograms (n-50), and showed that, 
between two and six months of age, the amount of fat tissue in the extremities 
increases much more rapidly than muscle tissue. 





FIGURE 1 (navitatioiuil U^\■i\uv in sitlin^ a ami supine b . (;ravitati()nal torque ctiuals 
(; .'inn mass \ H.Sl in s' \ moinonl arm shorU'St dislantv to shoulder joint . 



The hypothesis we want to test, stemming from the observed difference in reach- 
ing behaviour between sitting and supine, and knowledge about the changing morphol- 
ogy of the arm, is as follows : Dnriu^ (h'i\ lop»ic}if, the relationship bet wee >i the confijiN- 
ously chau^in^ arm eom/x/silioH mui ^vo))iet)y can become such, that muscle stn'fi^th 
acts (IS a eo>istyai}it o>i reaehin^ and systematically affects the ki>ie»iatics of ann move- 
ments. 
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Method 

To test this hypothesis, we currently carry out an experiment in which detailed 
analyses are made of the reaching movements of ten full term infants in combination 
with anthropometrical measurements of their arms. Recordings are made at three, 
four and five months of age, because previous research showed that infant reaching is 
particularly sensitive Uj ibr orientation of the infant within the field of gravity during 
this period \Savelsbergh & \'an der Kamp, submitted*. The infants arc comfortably 
secured in a chair whose orientation can be adjusted around a frontal axis. They are 
then confronted for a few minutes with a brightly coloured toy rattle which is suspend- 
ed, just out of reach, in the body midline at shoulder height. Three conditions are 
used, in which the orientation as well as the magnitude of the gravitational force are 
manipulated : in one condition the infant is supine with the backrest of the chair at 0' 
to the horizontal plane, in the second condition the infant sits at an angle of 90 , in the 
third condition the chair is also angled at 90. but now 60 g, weights are attached to 
about the middle of the forearms. White markers i,8cnv are fixed on the shoul- 
ders, elbows and wrists, thus providing a marked contrast with the dark background. 
Movements of each arm are registered by two video cameras « Super- \'HS, ,50 Hz 
The camera coordinates of the markers are automatically detected by VIDIPLUS, a 
computer programme written in MODULA 2, Three dimensional coordinates are 
reconstructed using the Direct Linear Transformation method e, g„ Dapena cf aL, 
1982', The three dimensional coordinates will be used to determine trajectories, veloc- 
ities and accelerations, of the wrist, angles of the shoulder and elbow joints, angular 
velocities and accelerations, and joint torques. The determination of three dimensional 
joint torques by means of inverse dynamics ' e, g„ Hardt & Mann, 1980^ requires 
knowledge of segment masses, positions of the segment centre of mass and moments of 
inertia, Schneider and Zernicke • 1992 • provide regression lines for estimating of these 
cjuantities based on the following data : body mass, length and circumferences of the 
upper and lower arms. Furthermore, skinfolds of upper and lower arm are measured, 
and wilL in combination with the length and circumference data, be used to estimate 
ccMiiposition of the arms. 

Predictions 

What predictions ensue from our hypothesis that a lack of strength may con- 
sti'ain reaching during development? When an infant's fat ratio is relatively high, or 
when the ratio length circumference of the arm is relatively high, we expect that the 
infant will avoid high muscular torciues in attempting to reach for the object. Fligh 
torques can be avoided in several ways: on possibility is to bend the arm which 
decreases the gravitional moment arm and thereby the torcjue to be overcome; another 
possibility is to swing the arm towards the object. A rapid onset of muscular torcjues 
in the initial phase of the arm movement gives rise to high angular accelerations and 
thus to high inertial forces, which then diminish the re(|uired muscular torques that 
have to be generated during the rest of the movement. A lack of strength can also 
result in the hand not coming within the vicinity of the object. It is likely then that the 
maximum of the muscular torcjues produced is similar across conditions, and represents 
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the limits of the infant's possibilities. In particular the conditions with the chair at 90 
with and without weights attached to the arms are comparable, in that the gravita- 
tional torque only differs In magnitude and not in orientation. A comparison with the 
0 condition is harder to make because in this orientation different muscles are involved 
Ml producing a reaching movement. 

An alternative hypothesis for explaining differences in reaching between the three 
conditions is to attribute them to a lack of control of muscular forces instead of a lack 
of muscular strength. In order to successfully control muscular forces, external forces 
such as the gravitational force have to be ;aken into account. When this process does 
not yet function properly, it is very likely that in situations in which the external forces 
differ either in magnitude or orientation, the appearance of movements will differ. It 
is. however, not easy to predict the features of a movement which is not optimally 
controlled, because even in a system that is considered to be optimally controlled, 
namely the adult, the criterion of optimal ity and the parameters to be controlled are as 
yet unknown. An additional experiment is planned that will assist us in deciding 
whether the infants are constrained by a lack of strength or by a lack of control when 
their reaching movements differ between the gravitational conditions. A similar experi- 
ment as described above will be (r-arried out with adults, whose muscular control can be 
assumed to be at a high level. A lack of muscular strength will be simulated by load- 
ing their arm segments • with the chair at 0 and 90 in such a way that the distribu- 
tion a\d relative magnitude of the mass of the arms are comparable to those of the 
infant. Deviations from unloaded trials, both kinomatically and kineticaliy. will be 
used to generate additional predictions based on our original hypothesis that strength 
may constrain reaching during development. 
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ARE THERE PHASE TRANSITIONS IN THE DEVELOPMENT 
OF EYE-HAND COORDINATION ? 



R, H, Wimmers, G. J. P. Savelsbergh, P. J. Beek and B. Hopkins 
Free Ihiircrsity, Amsterdam 



Our hypothesis is that developmental changes in eye -hand coordination 'defined 
in terms of reaching and grasping objects- during the first six months of life carry the 
characteristics of a non- equilibrium phase shift. The presence of certain transition 
criteria such as sudden jumps, anomalous variance, bi modality and hysteresis can, at 
least in theory, demonstate that the changes in question have a dynamical basis. 

A longitudinal study of one infant is reported in which we tried to identify 
stable developmental states of prehension during the first half year of life, as well as 
some of the transition criteria. 

hi using a dynamical approach, it is hoped that more insight will be gained into 
I hose states and the substitution of one state for another in motor development. 

Key words: DevelopiiUMii. in^'aiits. phase tiuisitions, eye hand coordinaiion. 
introduction 

Over the last two decades, numerous physical, chemical, and biochemical systems 
have been shown to exhibit spontaneous transitions between different states or patterns 
of activity in response to changes in external conditions that are entirely unspecific as 
to the emerging pattern. These so called phase transitions between macroscopically 
defined states have been described mathematically in terms of low dimensional 
dynamics Haken, 1977; Thom. 1975; Prigogine, 1984'. If a phase transition occurs 
in a system which is far from equilibrium, such as a moving animal, it is termed a non- 
equilibrium phase transition. During phase transitiv)ns of this type, fluctuations and 
nonlinearities play an essential role. 

Motor development in early infancy has been characterized by phases, periods of 
little change sometimes referred to as stages or states, and phases of rapid change 
1'helen & Ulrich. 1991 The mechanisms of developmental stability and change con- 
tinue to be poorly understood. An initial step in tackling this problem is to ask 
whether the changes in (|uestion constitute non equilibriutn phase transitions. To do so 
recjuires an unambiguous definition of what is mean by a developmental transition. 
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A developiiKMital transition takes place when a (iKalitatirc change occurs from one 
macroscopically delined developmental state to another. At some critical point, the 
developmental state suddenly chanRes, for instance, from non reaching to reaching or 
from reaching without grasping to reaching with grasping. New developmental states 
can ix^ viewed as stable attractors. which become available once the proper boundary 
conditions have been established. In that case, this new state frequently appears. 
Through establishing the stability of a developmental state by means of registering its 
frequency of occurence, changers between states can be distinguished and investigated. 

Ihe goal of this paper is to introduce certain transition criteria which, if detect- 
ed, can prove that developmental changes belong to the class of non equilibrium transi- 
tions. The meaning of these criteria in relation to developmental transitions is discus- 
sed. Some of thein are then 'ilustrated by means of a longitudinal study of reaching 
and grasping in one baby. 

Transition Criteria 

(iilmore ■■ 1981 described eight criteria by which abrupt changes can be classified 
as discontinuous phase transitions -or catastrophes . He called these criteria 'catastro- 
phe flags'. P^ive of them, namely, hmiodality, i/mccrssihility, sudden jionps, hystavsh 
and dirctvnicc, appear sinuiltaiieously when a system is in transition. The other three, 
namely, auowahu^ rariancc. critical sIoiri>iM doioi and dirrf'MCHcc of liucar rcsfiousc 
can be found prior to a transition, and therefore signal an upcoming transition, 

hisights into the nature of these criteria can he gained by using a cusp model. A 
cusp model is one of the elementary catastrophes H^mtified by Thorn '197n», in which a 
transition is defined as a sudden change in a behavit)ural variable induced by a small 
and continuous change in an independent variable or control parameter. Although the 
control parameter is entirely unspecific as to the resulting pattern, its manipulation is 
instrumental in creating a new order at the macn)sc()pic level. It controls in the sense 
of leading the system through its respective states of equilibrium. 

Figure I shows different potential fields that belong to a potential function which 
can give rise to a cusp transition. By changing the control parameters of the potential 
function the minimum of the function changes as illustrated by the position of the black 
ball. The minima correspond with stable equilibrium states of the behavioural variable. 
Depending on the initial i)osition of the behavioural variable, there are two possible 
pathways that can followed, namely, from 1 to 7 and from A to C. Starting from 1, 
there is a change in the -potential function when the control parameter on the x axis 
increases which results in with a local maximum and a new local minimum. At 4, 
the two local minima are similar. If two minima are present at the same time, the 
potential function is said to i)rocess himodulity. The local maximum between the two 
minima gives rise lo a region of inacccssihility. in increasing the control parameter 
along the x axis, we see that at T) the original minimum reduces, that is the system 
cannot dwell there, rnd a new single minimum is established. At 6, the old minimum 
disappears and a ,Wr/c;/ jioHp occurs to the remaining minimum. (Joing back from 7 
to I, the black ball will stay in the minimum until it disappears at 2; again a sudden 
jump occurs. The difference at which point a sudden jump occurrs as the* control 
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FIGURE 1 A p()ttMUial landscape related to a cusp model. Different paths 
are possible, i.e. from A to C or from I to 7 or the reverse, 
depending on the initial starting positions and the direction of 
change of the relevant control variables. 



parameter increases and decreases is called liys/crc^ils. 

Diirr^oicc takes place when two initial adjacent points diverKC and result in two 
different states. When A constitutes the initial position and the variable on the \- axis 
increases, the ball can terminate in the left or ri^ht minimum, each of which corres- 
pond to a different states. 

A complex system's many sui)systems act to a certain decree as stochastic forces 
which manifest themselves as fluctuations in the macroscopical state Hakcn, 1977'. 
The size of these fluctuations can be measured by means of the variance in the occur- 
rence of a particular behaviour. The more stable the attractor is. the smaller will be 
its fluctuations. Close to the transit ion» the fluctuations should become particularly 
lar^e until a transition has occurred. 1'hese lar^e fluctuations are called critical flucUid' 
tions. 

An emer^inK equilibrium can also be a source of fluctuations. These fluctuations 
can be measured by means of the amount of switching between states. Critical 
liuctuactions and oscillations between states belong to the a>io»iaIoi(s variance criteria. 

Due to a flattening of the potential function as the transition point is approached^ 
the response of the system to external forces becomes weaker, a phenomenon called 
critical sloivifi^ dotrn. If a small perturbation is applied to the system, which drives it 
away from its stationary state, the time it takes for the system to return to the pertur- 
bed state, the so called relaxation time, will be larger than when a stable state is per- 
turbed. Hence, the relaxation time is a measure of the stability of the system. 

The last catastrophe flag, dircr^oicc of linear rcs/)o}is('. is a conseciuence of a 
perturbation near a transition; it results iri a larger loss of stability and large oscilla- 
tions of the behavioural variable. Thus, the magnitude of the variance increased. 



Exemplifying the Criteria 

How can wl* translate or opcraticmalize (jilmoro's transition criteria in the con- 
text of developmental transitions? 

In what follows, each of the above mentioned criteria will be further elucidated 
by means of specific examples. 

1 Biniodality. 

A necessary, but not sufficient reciuirement. for bimodality is that two qualita- 
tively different behaviours are present. The requirement is not sufficient, because it 
should be possible to induce switching between the two behaviours - i.e. they should 
belong to the same behavioural dimension ■■. 

Bimodality within a person can be demonstrated by means of scaling the relevant 
control parameter- s - up and down. Two qualitatively different behaviours should be 
observed then. 

By manipulating the control parameters, bimodal frequency distributions can be 
obtained. 

2 hKurcssibiliiy. 

Inaccessibility is strongly related to the properties of bimodal score distributions. 
The middle part of the bimodal distribution is in principle also a particular behavioural 
mode, but because of its instability it is not accessible. However, by manipulating the 
proper control parameter s the inaccessible behavioral mode C{)uld stabilize again. 

Within a small range of time as measured against the time scale of the behav- 
iour . a qualitative change in the beha\"iour occurs while there is only a small change in 
the control parameter. In K)ngitudinal data it is important to distinguish between a 
jump and an acceleration > \*an der Maas & Molenaar. 1992 '. A jump occurs between 
two attract(»rs. which correspond to two ciualitatively different forms of behaviour. 
That is why this criterion is directly coupled to bimodality and inaccessibility. An 
acceleration implies a (luantitative amplification of a particular type of behaviour. 
'I'his might be due to an increase in strength (»f the underlying attractor. 
4 Ilystcnsis, 

To demonstrate hysteresis recjuires knowledge of changes in the values of the 
control parameter s . IIyst(Tesis only appears when the so called Delay convention is 
satisfied, 'fhis is the case when the system changes only as the old state becomes 
unstable. When, in contrast the system always seeks out the lowest potential minimum 
it is said to be g(»verned by the a Maxwell convention. The system switches state 
befoie (he old statc^ actually becomes unstable. In these systems hysteresis does not 
occur. 

In studying the dewlopment of reaching, the muscle fat ratio of the arm can be 
\'iewed as a control ])arameter. When this ratio increases and decreases over time, one 
can expect to see a jump to a ciualitatively new behaviour and a regression in the old 
one respectively. If the jump and the regression appear at different muscle fat ratios, 
hysten^sis has f)ccured, but not if they appear at the same ratio. It should be clear 
then that regression itself is not synonymous with hysteresis. To firmly establish 
hysteresis, the changes in the control paramet(M' s need to be known precisely. 
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This criterion is important for re\'ealinK tho stability of the behaviour at different 
initial situations. If small changes in an experimental setup result in different beha\'- 
iours, diwrKonce has occurred. An important implication of this criterion is that it 
directs one to the role of different test conditions in inducing behavioural change. 
6 ■ Critical fluctnationi^, 

PVcqucncy distributions of the occurrence of the behavioural categories provide 
information about the relative stablility of the underlying attractive states. The fre- 
cjuency of occurrence is proportional to its local stability. Thus, changes in frequency 
of occurrence indicate changes in the stability of the behaviour, therefore can be used 
to detect the presence of this criterion. Changes between states can also inform us 
about the stability of the system. If, for instance, two at tractor states exist and nei- 
ther of them is strong enough to win, competition between them is to be expected. 
Fluctuations between the two behaviours can then be observed. 
7 ' Critical slowing cloivu. 

An increase in relaxation time before a transition is only expected in systems 
ol)eying the Delay con\'ention. Perturbing, tor example, a reaching movement has nor- 
mally little effect on the total movement time, but prior to a transition large effects 
may be obserx'ed. 
8 Dircrg('}icc of linear n'spa/isc. 

Perturbation of the system close to a transition will enlarge the Huct nations 
within the present behaviour or the amount of switching between those beha\ iours pres- 
ent. 

Applying the Criteria to Developmental Transitions: Some Preliminary Results 

in the remainder of this paper, we discuss data obtained in a longitudinal study 
of (Hie infant. The purpose of the study is two! old : to identify stable developmental 
states of prehension during the lirst six months of life, and to find e\'idence for one or 
more of the above mentioned criteria. One boy was observed weekly from 8 to 24 
weeks. No observations were made at week 17 because the subject was ill. 

The infant was seated in a purpose built chair, placed on a table at an atigle of 
70 to the horizontal plane. The seat and head supports could be adjusted in accor- 
dance with the sixe of the child. The baby was secured in the chair by belts. 

A wooden dowel - Ucm long and fimm in diameter -, with different colours, was 
presented to the baby. This object was attached to the tip of a black wooden rod 2.7 
meters in length. A little bell was attached to the dowel to draw the infant s attention 
when necessar\\ 

The sessions were \*ideotaped with foui' eatiieras, two for each arm. Two 
cameras were placed above the infant s head, the other two being positioned obliciuely 
left and right in front of the infant. 

The dowel was presented at chest level along the midlitie section of the infant at 
a distance of about of his arm length. Four dowel orientations were presented ran- 
domly, namely, horixontah vertical and IT) to the left and to the right. The total uuiu- 
her of trials was dependent on the interest of tin* infant. 




For the present purposes, video recordings were decoded into readily observable 
behavioural categories : 

1 non reaching, in which the hand did not come within a ran^e of ocm of the 
object : 

2 reaching without grasping, in which the hand came within a range of 3cm of the 
object or contacted it : 

a . the hand is c!(K<C(I during the reaching attempt ; 

b the hand is upoi during the reaching attempt ; 
:\ reaching with grasping, in which the hand contact the object, and then grasped it. 

Using these categories, we sought for exitence of transitions between them. As 
ah-eady mentioned, frequency distributions of occurrence of the behavioural categories 
provide information about the relative stability of the underlying attractor states. 

The transition from non reaching to just reaching is shown in Figure 2. Not 
present at 8 weeks session 1', reaching activity increases rapidly up to 12 weeks 
session 5 . In dynamical terms, this probably means that reaching has become a sta- 
ble attractor. However at 16 weeks session 9' a regression in the amount of occur- 
rence of reaching occurred. It is probably due to the establishment of a new state, 
na^nely. grasping see Figure 3 . 

The transition from reaching U) that involving grasping is shown in Figure 3. At 
week 13 session 6 grasping suddenly emerges. After that, a jump to a high grasping 
activity level occurs. A jump can be illustrated by means of a multiple regression 
analyses. We define two independent variables, one continuous anH the other discontin- 
uous, with a real jump between week 1:1 and 16 .session 8 and 9 . A'e found that two 
variable together explains 84% of the data R- -' .8433 However, only the discontinu- 
ous variable has a significant Beta continuous .1)643. p.^.79: Beta discontinuous .8640. 
pv .Of) linear relation with the observed grasping data. The conclusion is that the 
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emergence of Krasping appears as a jump. Although reaching activity without Rrasping 
doe. not disappear, a qualitative change in reaching is evident, namely, reachmg w,th 
the hand closed changes to reaching with the hand open -.Figure 3'. The existence ot 
two stales, reaching with and without grasping, can be seen as exemplifying the pres- 
ence of bimodal. 

Oscillations between states during a period of bimodality can be regarded as 
fluctuations. This probably means that both behaviours are competitive attractors, but 
neither of them is as yet strong enough to win. Another way of demonstratmg fluctua- 
tions is to look at the variance of the occurrence of one particular category. Evidence 
for this sort of fluctuation can be seen in Figure .3 where the variance in the occurrence 
of reaching with the hand open is large from week 12 to week 16 -session .5 to 9j, and 
established in week 18 to week 24 (session 11 to 17) with significant .F..4>-,.o6; 
p<.05; smaller fluctuations. 

Sudden jumps, bimodality and fluctuations are some of the criteria indicatue of 
nonequilibrium phase shifts. Finding such 'fingerprints' of change provides preliminary 
confirmation of the hypothesis that the development of prehension during early infancy 
is based on non equilibrium transition between stable states of action. If replicated 
with more infants such finding may offer a substantial contribution to a general theory 
of developmental transitions based on dynamical principles. 

Of course, the detection of such criteria in longitudinal data has to be confirmed 
by means of appropriate statistical analyses. 

For the time being, the most pressing task is to discover the relevant control 
parameters which when scaled up beyond some critical value result in a discontmuous 
change of the behavioural state. As such, experimental manipulation of perception c,r 
action or both are required in and around the transitional ages identified by our longitu- 
dinal research. 
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EXPLORING EXPLORATION IN THE 
DEVELOPMENT OF ACTION 
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In this paptM- tht.^ role of exploration in the development of aetion is discussed 
from the perspecti\'e of the natural ph\-sical approach. It is ar^uied that by means of 
repeated exploration of the perceptual motor work space, infants disco\-er new coupl- 
ings between information and movement ; that is. new stable modes of action are 
ac(iuired for a particular task. Inirthermore, it is assumed that exploration is the 
behavioral equivalent of the fluctations that are indicators of transitions in movement 
actions. Kxploration is assumed to be constrained by. and specific to. the transition 
at hand. Three exploratory search strategies blind, local and non local are discus- 
sed and illustrated with the example of infant reaching- 

Keywords: Kxpioralioii. (U'velopnient of action, natural physical approach, 
introduction 

In this paper the role of exploration with respect to the development of action is 
discussed. This discussion partly reilects the growing awareness of the importance of 
exploration in the development of movement action ^sce. for example, the special issue 
of Child Dvirhtmcnt, 64. U^93 . To assess the concept of exploration in the develop- 
ment of action, a short overview of the concept of exploration from the point of view 
of traditional drive and information processing approaches is presented first. Then, by 
combining the tools from non linear dynamics with the ecological approach to percep- 
tion and action, a natural physical approach see Savelsbergh 8z Van der Kamp, this 
volume * of exploration is offered. In this approach exploration is regarded as a search 
of the perceptual motor work space as result of which new couplings of perception and 
action are discovered Furthermore, following Newell, Kugler. Van P^mmerik & 
McDonald ■ 1989 , different search strategies are mentioned and illustrated by reaching 
in \\ to 6 month old infants. 

The traditional view 

The classic perspective asserts that exploration is instigated by organismie drives 

Corri'spondcncr should bt* >v\\\ to \)v> J. \'an drr Kanij). l-*acitlt\' of Human Movement Sci- 
ences. Vwv I'niversity Amsterdam. \'an der i^occhlittrststraat iJ. KiSl B'i\ Amsterdam. The 
Netherlands. 




e. K"' Xisscn, 1954 , To reduce primary drives like hunger, thirst, sex etc.. the organ- 
ism starts exploring until a consummatory response reduces the specific need. This 
terminates the exploratory activity. Through repetition of this sequence, the response 
is learned. It became clear, however, that various exploratory activities occurred in 
the absence of primary needs, hi the famous study of Butler for example, monkeys 
learned to make discriminations in order to peek through a window, solely for the 
purpose of peeking. To accomodate these findings, alterations to the traditional 
scheme were suggested. Among others, a kind of independent exploratory- drive was 
postulated which could be evoked by novel, complex or unfamiliar external objects or 
events .e.g. Montgommery, 1954 

Two decades later, cognitive approaches were predominant in psychology and 
exploration was considered to have a motivation inherent in information processing and 
action, [exploration was said to be instigated by an incongruence between a stimulus 
and a standard. An information conflict led to the modification or construction of the 
cognitive schemas and representations e.g. Hunt, 196:^; Nunnally & Lemond. 1973'. 
Diiliculties often arose, however, if one tried to differentiate between accjuiring new 
skills and adapting a skill to slightly altered situations. Hence, it was unclear whether 
exploration should be confined to skill acquisition ov if it should also involve adaptation 
to local circumstances. In short, within an information processing approach, explora- 
tion in relation to action was a poorly defined concept with no formal status. This 
paper seeks to find a more formal description of the role of exploration in the develop- 
ment of action. 

A new view of exploration : A natural physical approach 

Today, in the age of non linear dynamics, the tools of catastrophe theory vand 
most recently complexity theory, see Levin, 1993' have become available to detect and 
describe (jualitative changes or transitions. As a conseciuence. many studies concerned 
with the development of movement action are focusing on transitions e.g. Cioldfield, 
Kay cK: Warren. 1993; Thelen ^ Ulrich. 1991; Thelen, Corbetta. Kamm, Spencer. 
Schneider, & Zernicke 1993; Wimmers, Savelsbergh. Heek &: Hopkins, this volume . 
Several indicators of the presence of transitional behaviour can be discriminated ; 
Namely, hysteresis, enhanced fluctuations, critical slowing di)wn '.for a enumerative 
description of these criteria, see Wimmers et al., this volume . We would like to 
argue that, in relation to exploration, enhanced fluctuations are particularly interesting 
see also Robertson, 1993; Turvey ^ Fitzpatriek, 1993 \ Enhanced fluctuations are 
rellected by larger variability or unpredictability in behaviour. These fluctuations 
enable the actor to discover or ae(|uire new movement possibilities. In this sense, the 
concept of exploration is confined to the emergence of new skills ' or stable modes and 
does not involve adaptation or tuning to local circumstances. If fluctuations during 
transitions are the ec|uivalent of exploratory activities, what picture emerges of the 
development of movement actions ? 

Although the nativist the(»ries of researchers such as Oesell, McOraw and Shirley 
are not widely held anymore, the value of their descriptive studies is uiu|uestioned. 
They described the development of action as a seciuence of different motor milestones 
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such as reaching, grasping, crawling, creeping, sitting, walking etc. From the point of 
view of the natural physical approach Savelsbergh & Van der Kamp. this volume , 
the emergence of these motor milestones is not just a consequence of the maturation of 
the nervous system, but a consequence of changing interaction between organismic and 
environmental constraints -Out & Savelsbergh, this volunie». Important in this respect 
is the notion of the perceptual motor workspace >Kugler & Turvey, 1987: Newell, 
Kugler, Van Emmerik & McDonald, 1989; Newell, McDonald & Kugler, 1991). The 
perceptual motor workspace is regarded as ; 

the dynamic interface between informational fiows arising from perception and 
the kinetic fiows arising from action. These fields are viewed as complementary 
in that not only can forces -..kinetics give rise to changes in flows - kinematics^ 
but. in addition, flows can ■ ive rise to changes in the forces - Newell et al., 1991, 
p. 96 '. 

The perceptual motor workspace of the organism environment interaction can be 
modelled as a layout' of gradient and equilibrium regions, i.e. as a field of interacting 
attractors. These attractors are defined over both physical and informational factors 
i.e. as a specific coupling between perception and action (Gibson, 1979'. On a be- 
havioural level, the attractors specify different stable modes of action ^ motor mile- 
stones . From this perspective, development is regarded as the transition from one 
stable mode of action to another »e. g. from reaching to grasping; see Wimmers et ah, 
this volume'. Stated differently, development is the emergence of new dynamical 
attractors -Kugler, Kelso & Turvey, 1982 . The question that arises is how these new 
a'Tactors or perception action couplings are discovered. In other words, how are new 
stable modes of action acquired? 

Discovering new perception-action couplings and acquiring new stable modes of 
action involve exploring and locating the gradient and equilibrium regions of the per- 
ceptual motor workspace at hand. Exploration of the perceptual motor workspace 
guides the organism to the discovery of new couplings between the informational and 
kinetic flows, thereby providing new stable modes of action (xoldfield et al., 1993; 
Kugler & Turvey, 1987; Newell et al., 1989, 1991 : Savelsbergh & Van der Kamp, 1993. 
this volume; Thelen, 1990, Warren, 1990 ^ Hence, development of action is achieved 
through exploration, i.e. by repeatedly producing ^ slightly different movements or 
experimenting with different musculoskeletal organisations ^cf. (xoldfield et al., 1993 ■ 
whereby the infant learns how to co ordinate and control his action system. The infant 
perceives information proprioceptive, visual^ produced by his her movements and dis- 
covers how this information can be used to guide his her movements. As argued 
above, this exploratory behaviour is especially prominent during transitions. This is 
nicely shown by Thelen in her earlier ethologically oriented studies ^ 1979 She studied 
the occurrence of rhythmical behaviours like kicking, rocking, arm waving and banging 
in natural settings and showed that these behaviours occurred most fre(iuently around 
transitions in movement actions. Rocking on hands and feet, for example, enterged in 
development just before the onset of crawling. This rocking presumably n^presents the 
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infant's exploration of his action capabilities and the proprioceptive) information it 
produces. This eventually leads to a new stable mode of action ^ crawling \ Through 
exploration of the perceptual motor workspace the infant discovers how perception and 
action are coupled. 

Exploration of the perceptual • motor workspace i.e. moving in it ' both creates 
and annihilates ecjuilibrium or gradient regions ^ Kugler & Turvey, 1987-. Hence, the 
dynamical structure of the perceptual -motor workspace changes during exploration. 
This provides information which can be used to guide exploration v Newell et al. 1989, 
Gibson, 1988'. hi other words, exploration is not completely random but is constrained 
by, and specific to, the transition at hand. It is constrained because the exploration is 
dependent on the already acquired stable mode. Thelen et al. ^199,'^' showed that the 
onset of reaching and grasping involves an increase or decrease of the initial muscle 
stiffness depending on the state of spontaneous movements before the onset of reaching. 
It is specific because exploration is directed toward one particular new stable mode of 
action, such as the rocking of hands and feet occurring only before the onset of crawl- 
ing Thelen, 1979 . 

Thus, exploration is constrained and specific. What about the instigation of 
exploratory beha\iour? Bak & Chen '1991 argued that large interactive dynamical 
systems 

'perpetually organise themselves to a critical state in which a minor event starts 
a chain reaction that can lead to a catastrophe 'p. 2(t''. 

The\' termed this the theory of self organised criticality. The action systems of 
humans with its many components joints, muscles and nerves- might be such a large 
interactive system. If so, action systems evolve to fields where transitions from one 
stable mode of action to another stable mode of action are to be expected, i.e. to tran- 
sitional regions. By this reasoning exploration can be considered as an inherent dynam- 
ical property* of deveU^ping action systems, guiding the system to new stable modes of 
action. Intuitively and tentatively, this might also open new perspectives on 
intent ionality in development. 

If, as argued, exploration of the evolving perceptual motor workspace is import- 
ant in motor development and skill accjuisition, a characterisation of such exploratory 
behaviour might help us to understand development. Following Oelfand & Tsetlin 
1962 , Xewell et al. • 1989 • proposed three exploratory strategies: blind search, local 
search and non local search. Blind search represents a strategy in which single etiuilib- 
rium regions attractors- ai*e explored or located in a random or well defined order 
without the use of memory characteristics. Local search, on the other hand, represents 
a continuous search of one e(|uilibi*ium region or attractor space using knowledge from 
a }n*evi(>us search. A non hical search can be ck*scribed as a now continuous or inter- 
mittent search that is not confined to one et|uilibrium regioti or attractor. It enables a 
greater part of the workspace to be explored, often in conjunction with local seairh 
st rategies. 

To illustrate the above sc>arch strategic^s we will discuss some data from a recent 
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experiment Save 1 she rgh & \'an der Kamp, 1993, submitted \ In this experiment, 3 to 
6 month old infants seated in an infant chair were presented with a cardboard of nine 
red foam plastic balls ^'diameter 2.5cm). These balls were equally distributed in three 
rows and three columns. The balls were presented to the infants in three times for one 
minute each time. The number and duration of the reaches were scored. It was found 
that, in addition to one handed and two handed attempts an third type of coordination 
occurred. The younger infants ^3 and 4 month olds; did not, but the older infants ^.5 
and 6 month olds did grasp the edge of the board with one hand, while reaching for 
the bail with the other hand. This strategy occurred only in the 5 and 6 months olds, 
that is, near the time of onset of a more stable form of reaching, grasping and catching 
Von Mofsten, 1984 . What is the significance of this particular behaviour in the older 
infants? One hypothesis is that, by grasping the board, infants become able to change 
the reaching distance. This enables the infants to explore the perceptual motor work- 
space for this reaching task in new ways. In other words, by varying the reaching 
distance, an optimal fit between infant and environment is actively being sought. 

If this true, a different search strategy would be expected when the cardboard is 
grasped. To test this assumption, the nine balls in the reaching task were considered 
as attractors, and the balls which were successively grasped or contacted ' P'igure 1 ' 
was plotted. 




FIGURE 1 The disliibmion «>f the coniaflocl and ^raspod bulls. The left pannd shows a Jl 
ut'cks old infant not ^ras>in.ii the httard. \hc ri^lu pannol shows tho sinu' infani 
j^ra^l)in^ thr hojud uith liu' left hand IrU hand: nv:ht hatul . 



Differences in the distribution oi contacted balls may indicate different search 
strategies, if contacts and grasps are concentrated aroutid one ball, a local search 
strategy is assumed to be represented, if, on the other hand, contacts and grasps are 
distiibuted e(|ually between several balls, a non local ov blind search strategy is 
assumed to be repiesented it is dillicult U) distinguish blind and non local search strat 
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egies on basis of spatial distribution only* . Figure 1 a"; shows the distribution of 
contacted and grasped balls for a 24 week old infant for one minute when the board 
was grasped only once. In this situation, the right hand seems to represent a local 
search strategy; that is> the hand is predominantly directed to one bail. Figure 1 ^b 
shows the same infant for another minute. Xow all contacts were made while the 
contra lateral hand was grasping the edge of the cardboard, Here, the right hand is 
not directed to one particular ball, and shows a non local or blind search strategy. A 
tentative conclusion is that the emergence of grasping the board with one hand while 
reaching with the contra- lateral hand is accompanied b\' a change in search strategy, 
indicating that this behaviour may be regarded as a form of exploraton. In other 
words, when the cardboard comes within i*each —as a consequence of growth of arm 
length - the dynamical layout of the perceptual -motor workspace changes, giving rise 
to a change in search strategy, which is specific for this task and the transition to 
reaching and grasping. 



The natural physical approach, i.e. the ecological approach to perception and 
action using the tools of non linear dynamics, offers a new point of view on exploration 
in the development of movement action. By means of repeated exploration of the per- 
ceptual motor workspace, infants discover new couplings between information and 
movement. Hence, new stable modes of action are acquired for a particular task. It 
is assumed that exploration is inheren.t in the d>'namics of large interactive dynamic 
systems and that exploration is reflected by the larger variability in behaviour in partic- 
ular during transitions. Furthermore, exploration is thought to be constrained by. and 
specific to. a particular transition of one stable m{)de of action to the other. 



Bak. P.. t^' CluMi. K. iMHi . Si»lf oryianizt'd crilicality. Sncfitific A}}h yinni, JauKfny, 2(i S.^. 
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2 . Development of physical fitness in children. 
Major publication & presentations : 

Suda T., ct al. '1988) Retention of the fitness with aging after 31 to 33 years from 
the student days. Japan J. Pliys. Ediu\ Vol.32 No. 4: 255 265, ^ In Japanese 
with English summary ' 

Suda T.. et al. tl990.) Physiological responses to snow shoveling observed in aged 
men. In M. Kaneko tEd.)> Fitness for the Aged, Disabled, and Industrial 
Worker, International Scries on Sport Sciences \'ol. 20: 75 78, Human Kinetics 
Books 

Suda T., et al. < 1992 A study on the physical activities of the Chinese students: 
Difference of the physical activities in the daily lives between the Chin ese male 
students and the Japanese male students. Japan J. Phys, Educ, \'()1. 36 No. 4 : 
359 370, Tn Japanese with English summary) 

Name : Katsuhiko Suda 
Title : Professor 

Status at RCCCD : Steering Committee Member and Research Fellow 
Affiliation : Department of Educ. Methodology. Fac. of Educ, Hokkaido Univ. 
Research field: Curriculum construction & educational methods 
Office No.: Room #403, P\iculty of Education, Hokkaido University 
Office phone: Oil 716 2111 (Ex.3092) 

Home address: 9 2 37 Kashiwaoka, Makomanai, Minami ku, Sapporo OOf) 
Home phone: Oil 5H3 2270 
Education : 

Professional appointments : 
Current research interests : 

Curriculum construction of mathematics and science for secondary education. 
Major publications & presentations : 

The Archimedes' axiom from the viewpoint of mathematics teaching. iWith K. 
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Yamaguchi) Bidletm of the Faculty of Education, Hokkaido Univemty, 1987, 
49. 25-42. 

A study of system for teaching "functioiV*. ^With K. Yamaguchi) Bulletin of the 
Faculty of Educatio)!, Hokkaido rriirersity, 1988. 50. 1-55. 



Name : Michiko Seki 

Title : Associate l^rofessor 

Status at RCCCD : Research Fellow 

Affiliation: International Student Center. Hokkaido University 

Research field: Early childhood education 

Office phone: Oil 716-2111 CEx. 2650' 

Home address: North 17 east 4, Higasi-ku, Sapporo, Japan 

Home phone: Oil 711 6269 

Education: M. A. 1989 Wright State University Major: p:ducation 
B. A. 1973 P"'aculty of Education, Hokkaido University 

Major : Developmental Psychology 
H. A. 1971 Faculty of Literature, Hokkaido University 
Major : F^nglish literature 
Professional appointments : 

1978 Assistant, RCCCI)» Faculty of Education, Hokkaido University. 
1974 Research Assistant, Bepartment of Developmental Psychology, Faculty of 
Education, Hokkaido Undversity 
Current research interensts : 

How young children read picture books and how they understand thcni. Literacy 
aquisition at home setting. 
Major publications & presentations : 

.4;/ ctluwlifimphic study of l)roccss of n'sl)o)isc of a six year old to repeated read- 
ings of a picture book. Masters thesis suhnitted to Wnght State Lhiirersity, 



Name: Mamoru (jotoh 
Title : Professor 

Status at RCCCD : Research Fellow 
Research field : Special Ftiducation 
Office phone: 001 778 8811 '.Ex.336) 

Home address : 7 5 Yamate machi, Hirosima cho, Sappx)ro gun, Hokkaido 
Education: M.Ed. 1970 Hokkaido University NL'ijor: Dcvclpm, Psychol. 

B.Ed. 1966 Hokkaido Univ. Educ. Major: Educational Psychology 
Professional appointments : 

1990 Director. Research Institute of Rural Education. Hokkaido University of 
Education 

1983 Professor. Faculty of Education, Hokkaido Univ. of Educ. Sapooro 
1976 Assoc. Prof, Faculty of Education. Hokkaido Univ. of Educ. Sapporo 
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Iks 

1973 Assistant. F'aculty of PIducation. Hokkaido Univ. of Kduc, Sapporo 
Corrent research interests : 

1 . Preschool education for handicapped children 

2, Study on the behavior space analysis 
Major publication & Presentations : 

Methodological investiRation on the behavior space analysis. BuUcthi of Hokkaido 
l-uircrsity of Edi(cafio}i, 1983. 34. 73 87. 'In Japanese 

/\ study on systeniatization of behavior space Therapy. Biilh'ti}t of Hokkaido Uni- 
versity of Educatio)!, 1984, 34. 77 86. « In Japanese) 

Preliminary consideration on a validity of relative behavior coeOicient. Bnllctiu of 
Hokkaido Uniirrsity of Edi(cafio}i, 1992. 42, 147 156. < In Japanese ■ 

A study on integrated education II \ Analysis of kindergartens in rural parts of 
Hokkaido. The Rural Education Institute. Hokkaido University of Education, 
1993, 43 49. ^ In Japanese 



Name : Hiroshi Usui 

Title : Associate Professor 

Status at RCCCI) : Research Fellow 

Affiliation: Hokkaido University of Education. Sapporo 

Research field: Developmental Psychology; Socialization 

Office No.: 214 Hokkaido University of Education, Sapporo 

Office phone: 001 778 8811 Ex. 359 

Home address : Minami 1 10, Heiwa dori 12 chome. Shiroishi ku. Sapporo {)03 
Home phone: 001 861 7042 

Education: M.Ed. 1973 Hokkaido University Major: Develpm. Psychol 
B.Ed. 1971 Hokkaido Univ. Educ. Major: Social Psychology 
Professional appointments : 

1981 Assoc. Prof. Dept. Educ. Psychol., Hokkaidt) Univ. of Educ. Sapporo 
1978 Assist. Prof. Dept, Educ. Psychol.. Hokkaido Univ. of Educ. Sapporo 
1976 Assistant. Prof. Dept. Educ. Psychol.. Hokkaido Univ. of Educ, Sapporo 
Currest research interests : 

I am interested in the socializinK processes of children in the school settings. 
Especially, niy curiosity focuses on the social and cultural induences on the be- 
havioral and motivational aspects of children's academic achievement. As well. I 
am also interested in the socialization in the family. 
Major publications & presentations : 

Evaluation of one's task performance in reilective and impulsive children: Analysis 

of metacoKnition. Afuina! Report of RCCCI). 1992. 73 79. 'In English' 
l^sycliolo^ical dcirlolmwut i)i the presehool years, with N. Uchida and H. Fujisaki 

1991, Vuhikaku, In Japanese 
Cross cultural differences in maternal control communications and child compli- 
ance: Japan and the U.S.A. With I). Bradshaw et al. In Hulock, M. -.ed. 
M()tiratio}ial mid hiterartire Processes, Basel. 1991. pp. f).') 68. 
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Name: Yasuji Kojima 
Title : IMofessor 

Status at RCCCD : Research Fellow 
Affiliation : Ilokkaigakuen University 
Research field : Cognitive development 
Office No.: C 201 Hokkaigakuen University 
Office phone: 001 84M161 Ex.593 

Home address : 332 485 Makomanai. Minanii ku. Sapporo 005 
Home phone: 001 592 2604 

Education: M.Ed. Hokkaido University Major: Developmental Psychology 

B.Ed. Hokkaido Univ. Pxiuc. Major: Educational Psychology 
Professional appointments : 
1992 Professor 

1989 Assoc. Prof. P'aciilty of (ieneral Educ, Hokkaigakuen University 
1985 Assist. Prof. Women's Junior College. Sapporo University 
1983 Lecturer, Women's junior College, Sapporo University 
Current research interests : 

My major concern is congnitive development in early childhood. Now I am par- 
ticularly interested in the issues of story comprehension in children. 
Major publications & presentations : 

Developmental research: From the vnwpoint of cognitive science. In J. Murai 
Ed." lliaoy (Uid nictlunlolo^y, N(.nv series of child psychology, N'ok 1, Kane- 
ko shobo. 1991. In Japanese 
Thion'tinil f)i rspirfiirs on cn^iiiliir dcirlo/oiioit : A ficiv riiivln)i}it to Pia^Hl's tlic- 
on\ Seikyu sha, 1987. In Japanese 

Name : Shigeru Xakano 

Title : Associate Professor 

Status at RC^CCD : Research Fellow 

Affiliation : Department of Early Childhood Education, Fuji Women's College 
Research Field: Developmental Psychology Infancy childhood 
Oflice Phone: Oil 73^^ 0311 ext. 203 , Oil 736 2801. Fax: Oil 709 8541 
E mail Address: nakano**^ abelab 2. hubs, hokudai. ac. jp 

Education : 

Candidate for l*h. 1).. 1985. (Jraduate School of Education. Hokkaido University. 
M. A. in Developmental Psychology. 1980. (iraduate School of Education. Htjk 
kaido University. 

H. A. in Developmental i*sychology. 1978. Faculty of Education. Hokkaido Univer 
sity. 

Professional Appointment : 

1988 Associate iVofessor of Dc^velopmental l^sychology. Fuji Women's College. 
1985 Assistant i^'ofessor of l)ev(»lopmental Psychology. Fuji Women's College. 
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Current Research Interests: 

The iio^X of my recent researches is to investigate developmental processes of 
reading others' intention in children under age three. Especially, it is focused on 
whether they can read their mothers' play intention in teasing. In those research, 
referring Bateson's theory of meta- communication, relation between pretense and 
mindreading is being persisted. 
Major Publications & Presentations : 

The effects of mothers' teasing : Do Japanese infants read their mothers' play inten- 
tion in teasing? Fao'Ix Development and Parenting, Vol. 2 pp. 7 18, 1993. 
Reconsideration of consistency of infant's attachment types classified by the 
Strange Situation Prodedure : From viewpoint of Japanese beliefs on **skin- 
ship." Paper presented at 7th Asian Workshop on Child and Adolescent Devel- 
opment. January, 1993, Jakarta, Indonesia. 
Developmental changes in young children's understanding of their mothers' play 
intention during playful teasing. A paper prepared for a symposium at Interna- 
tional Society for the Infant Studies in Paris. June, 1994. 
Maternal playful teasing as a socializing device for toddlers' separation. A paper 
prepared for a symposium at International Society for the Study of Behavioral 
Development in Amsterdam. June. 1994. 

Name : Yuko Kanaya 

Title: Associate Professor 

Status at RCCCD : Research Fellow 

Affiliation : Department of Early Education. Kokugakuin College 
Research field: Developmental psychology 
Office No. : 204 
Office phone : 3107 

Home address: Stage 13 -505, X 13 \V 4, Kita ku, Sapporo 001 
Home phone: Oil 737 7002 

Education: M. A. 1976 Keio University. Major: Developmental psychology 



Professional appointments : 

1988 Present Associate Professor, Department of Early Education, Kokugakuin 



1985 1988 Lecturer. Department of Early Education. Kokugakuin College 

Current research interests: 

My present research interest is in emotional development, particularly in issues 
such as the following ; the function of emotion in human development, the 
differences and commonalities in socialization of emotion in different social net- 
work systems, the relations between the mode of infant mother or infant signiiicant 
others' emotional communication and the later development of self regulation. 

iMajor publicaMons & presentations: 

Kanaya, V. un press - The deveio[)ment of infant mother attachment relationship 



B. A. 1972 Tsuda College. Major: English literature 
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•in Japanese-. Journal of Developmental Psychology and Medicine. 
Kanaya. Y. et al. >1988' Cross cultural study of expressive behaviour of mothers 

in response to their f) month old infants' different emotion expression. Annual 

Report of the RCCCD, 23-31. 
Kanaya. Y. •1986' Are maternal emotions associated with infant temperament and 

attachment? Annual Report of the RCCCD, 51-58. 
Kanaya, Y. & Miyake. K. n985) The relation between mother-infant interactional 

characteristics in early infancy and later attachment as assessed in the Strange 

Situation. Annual Report of the RCCCD, 31-42. 

Name : Yoshinobu Takahashi 
Title : Lecturer 

Status at RCCCD : Research Feilow 
Research field : Developmental PsychologN* 
Office phone: 011-611 2111 Ex.2835 
Office Fax: Oil -613 7134 
E mail: Yoshit^^shs. sapmed. ac. jp 

Home address: 41 108 Minami 2. Xangou Dori 20 chome, Shiroishi ku. Sapporo 
Education: M.Ed. 1985 Hokkaido University Major: Developm. Psychol. 

B.Ed. 1982 Hokkaido University Major: Developm, Psychol. 
Professional appointments : 

1990 Lecturer, School of Health Sciences, Sapporo Medical University 
Current resarch interests : 

I am interseted in cognitive development, especially development of representa- 
tional ability in preshooler. 
Major publications : 

Takahashi, Y. 1990 ' Separation distress of Japanese infants in the Strange Situa- 
tion. Annual /^r/^r;;/, 1988- 1989, RCCCD P^aculty of Education. Hokkaido 
Uniersity, 141 150. 

Takahashi, Y. 1989) Pellief about stability of personality characteristics in 

infancy and early childhood. Annual Report, 1987 1988, RCCCD. Faculty of 

Education, Hokkaido University, 49 54. 
Takahashi. Y. 1987; Behavioral inhibition and social expression of 12 month old 

infants. Annual Report 1986 1987, RCCCD, Faculty of Education, Hokkaido 

University, 61 65. 

Takahashi, Y. ;1986i Reliefs about malleability and desirability. Annual Report 
1985 1986, RCCCD. Faculty of Educatitni, Hokkaido University, p. 73 78. 



Name : Emiko Kusanapi 

Status at RCCCD : (Graduate Student 

Affiliation: Dept. of Developmental Psychology, Faculty of Educ, Hokkaido Univ. 
Research field: Developmental Psychology 

I5f) 



Office No. : C307, RCCCI) 
Ofiice phone : 'Mi){] 

flome address : 1 12 5, Kyoei Maclii. Ilirosima Cho, Sapporo (km, Hokkaido 
Home phone: Oil 372 3183 

Education: M. A. 1991 Hokkaido University Major: Developmental PsycholoKy 

M. A. 1983 Nara Women s University Major: Biochemistry 
B. S. 1981 Nara Women s University Major: Biochemistry 
Professional appointments: 

1991 present Lecturer Part- time. Eiyo Junior College 

1991 present Counselor of child development, Sapporo Toyohira Health Center 
1991 1992 Counselor of child development, Sapporo Minami Health Center 
Current research interests : 

M\' I'esearch interest is in the structure of temperament, I am also interested in 
the intluence of temperamental individual differences on the development of cogni- 
tion and personality. 
Major publications & presentations: 

KusanaKi, K. The structure of infant temperament: Emotional expression and the 
tendency to approach. 77/r Ja/)a}U'Si Journal of Dcvvhlynunkil P^ycholoffy, 
1993, Vol. 1, No. 4, 42 55. ^ In Japanese with English summary). 
Kusana^i. E. A psychometric examination of the Children's Behavior (Question 
naire. Aunmil Report of the RCCCI), Faculty of Education, Hokkaido Univer- 
sity, 1991 1992, No. 15, 25 33. 
Chen, S. J., Hoshi, N. 8z KusanaRi, I^^ Temperament and development in infancy. 
In Nihon Jido Kenkyu jo P^d.^ A (Inn ices in Ciiihl f\\r}ioIo/{\\ 1992, 31 57, 
Tokyo, Kaneko shobo. In Japanese . 

Name : Nobuko Hosi 

Status at RCCCl) : (Graduate Student 

Affiliation: Dept. of Developmental Psychology. Faculty of Educ, Hokkaido Univ. 
Research field : Developmental 1 Psychology 
Office No. : C3()7. RCCCD 
Office phone : Ext. 3106 

Home address : 4 3 350, Fujino, Minami ku. Sapporo 
Home phone: Oil 855 8264 

Education: B \. 1986 Hokkaido University Major: Develnpmental FsycholoKv 
Professional appointment : 

19H9 Present Counselor of child development, Health Centers in Sapporo City 
Current research interests : 

Socio emotional development of children, particularly temperamental individual 
differences from infancy. Now I am focusing on the structure of temperamen- 
tal emotionality. 
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Name : Mika hvata 

Status at RCCCD : (Graduate Student 

Affiliation : Dept. of Developmental PsycholoKv. Faculty of Hduc, Hokkaido IJniv. 
Research field: Developmental F^sycholo^y 
Office No. : C3()7. RCCCD 
Office phone : 3106 

Home address: 3 5 51 Marxiyama Nii^hi machi, Chuo ku, Sapporo 
Home phone: Oil 612 6975 

Education: M. A. 1990 Komazawa University Major: Family Sociology 



Current research interests : 

1 . Child rearing stress and anxiety in mothers, maternal coping style with child 

rearing and their social network. 

2 . Maternal life style and life course. 

Name : K\ko Kamada 

Status at RCCCD : Craduate Student 

Affiliation: Dept. of Developmental Psychology. Faculty of Fduc. Hokkaido Cni\'. 
Research field: Developmental Psychology 
Office No. : C307. RCCCD 
Office phone : 3106 

Home address: 16 1 1 f) 20:"). Kawa/oe, Minami ku, Sapp(H"o 
Home phone: Oil ?>7'1 6969 

Education: B. A. 1993 Hokkaido Cniversity Major: Developmental Psychology 
Professional appointment : 

1993 Present Part time advisor. Sapporo Kita Health Center. 
Current research interests : 

1 . Processes of Kn>winR sc^lf acceptance in adolescents with negative self evalua- 
tion, 

'1. Developmental changes of child view and self concein in preschool education 
major students: A hiugitudinal comparison before and after the practice teach- 
ing. 



B. A. 1986 Hosei University 



Major : Economics 
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